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GENERAL INTRODUCTION
Subsurface drainage is an agricultural practice used
extensively in many countries of the world to remove excess
soil-water. Artificial drainage is necessary to farm some
of the most productive soils in Iowa and the Midwest.
Without artificial drainage, planting and harvesting
operations would be delayed, and in wet years, poor growing
conditions could result in total crop failure (Kanwar et
al., 1983a, 1984) or reduced yields in moderately wet years
(Kanwar et al., 1988).
Better water management systems are needed if
production capacity of agricultural soil is to be
optimized. Therefore, in humid regions, the design of
water management systems, such as subsurface drainage, is
important in determining the most efficient means of
agricultural water management.
Agricultural water management systems may be installed
to satisfy a variety of objectives. In most cases, the
main objective is to eliminate water-related factors that
limit crop production or reduce those factors to an
acceptable level. In the final analysis, the acceptable
economic level depends on the cost of the required water
management system in relation to the benefits that will
result from the system's installation. Such benefits vary
from year to year because of weather and economic
conditions and are difficult to quantify because of the
complex interrelationships of crop production processes.
The design and operation of each component of a water
management system should depend on soil properties,
topography, climate, crops grown, and trafficability
requirement. In addition, design of any one component will
depend on the other components in the system. The
importance of each element of a water management system
varies with climate. In humid regions, a well-designed
drainage system may be critical in some years, yet provide
almost no benefits in others. The method for designing and
evaluating a water management system should be capable of
identifying sequences of weather conditions that are
important to crop production, and describing the
performance of that management system during critical
periods.
Objectives
Design of efficient agricultural water management
systems is becoming more important as competitive use of
water resources increases and as installation and operating
costs climb.
Computer simulation models are ideally suited for
analyzing the efficiency of a water management system.
They are used to simulate crop growth and production with
varying soil and climatic conditions, Skaggs (1978) has
developed a computer simulation model, called DRAINMOD,
that simulates the response of soil water management linked
to crop development. Average relative yields from a
variety of drainage systems can be used to provide an
obiective function to determine optimum system design.
With the overall goal of developing a better
understanding of the use of DRAINMOD as a tool for
designing subsurface drainage, this thesis is based on a
study with two main objectives:
1) To verify the reliability and applicability of
DRAINMOD for artificially drained soils of Central and
Northeas t Iowa.
2) To predict corn yields for artificially drained
soils in Iowa using the yield version of DRAINMOD.
LITERATURE REVIEW
Benefits of Drainage
The design and operation of an efficient drainage
system is necessary for good agricultural water management
in humid regions. Adequate drainage is required in wet
humid regions to remove excess water from cultivated
fields. Kanwar et al. (1983b) found in a study conducted
in Iowa that inadequate drainage systems were responsible
for crop yield reductions equal to about one-third of the
maximum yield potential of heavy soils.
Several benefits may result from improved drainage,
such as improved timeliness of operations, reduction of
equipment miring problems, greater ease of agricultural
operations, benefits to the environment, and
improved crop yields (Kanwar et al., 1983b). The main
benefit of agricultural drainage is increased crop yields
(Found et al., 1976; Leitch and Kerestes, 1981; Deboer and
Ritter, 1970; and Schwab and Frevert, 1985). In their
textbook, Schwab and Frevert (1985) listed seven benefits
of subsurface drainage which could increase crop yield.
These benefits are: removal of free water not available to
plants, an increase in the volxome of soil available for
crop roots, an increase in the movement and quality of air
in the soil, conditions that permit the soil to warm faster
in the spring, a reduction in soil erosion, and removal of
toxic substances such as sodium and other soluble salts
that at high concentrations retard plant growth. Schwab
and Frevert (1985) mention benefits in addition to
increased yields, such as reductions in time and labor for
tillage and harvesting operations and ones which may
increase yields, such as the opportunity to plant the crop
earlier. Wet soils can delay harvesting operations,
increase harvesting losses, and increase grain damage.
Drainage can lessen these problems.
Fausey et al. (1987) say draining wet soil minimizes
risk, improves in efficiency, and increases net income.
Additional benefits may more directly affect the soil and
thus affect yield. Some of these benefits are improved
trafficability, improved soil strength, reduced soil
compaction, and less damage caused by frost heaving
(Jarret, 1985).
Computer Simulation of Subsurface Drainage
Solutions to agricultural drainage problems require a
knowledge of the complex processes occurring simultaneously
in the soil system. Judgments on the design of subsurface
drainage systems in the past have been made based on
experience and parameters measured on-site by
professionals. Since the early 1970s, considerable
qualitative information has become available regarding the
effect of water management on crop yields (Albino and
Zerbi, 1986; Bradford and Yound, 1981; Bouwer, 1974; Evans
and Skaggs; 1984; Hiler, 1977; Kanwar et al., 1988), but
methodology is still lacking for incorporating crop needs
into optimal water management design.
During the past decade, more and more effort has been
put into developing computer models to simulate crop growth
and production as a function of soil and climatic
conditions. The advantage of simulation models is that
effects of changes in soil water management can be obtained
using climatic records for long periods.
Methods based on computer simulation models have been
developed recently to analyze the effects of drainage
systems on soil water conditions and their effects on
annual and long term crop yields (Feddes and van Wijk,
1976; Skaggs, 1978; Hardjoamidjojo and Skaggs, 1982; Kanwar
et al., 1983a). Particularly, many attempts have been made
to predict the influence of water on growth and yield under
natural rainfall and irrigated conditions (Hanks, 1974;
Rasmussen and Hanks, 1978; Feddes et al., 1978; Feyen and
van Aelst, 1983; Ritchie and Otter, 1984). These models
after validation can prove to be useful tools for the
design of a water management system.
One of the most-used computer simulation models is
DRAINMOD. Skaggs (1975) has been developing this water
management simulation model for soils with shallow water
tables. Unlike other water management simulation models
that focus on the hydrology of the region or watershed»
DRAINMOD was developed for comprehensive analysis of soil-
water movement on a field scale, whereas most water
management sytems are designed and installed as a single
unit. This model has been validated in various regions of
the United States under different climatic conditions
(Skaggs et al., 1981; Fouss et al., 1984; Roger, 1985; and
Gayle et al., 1985). DRAINMOD has been adopted widely for
the design of subsurface water management systems.
Engineers with the USDA's Soil Conservation Service have
been using this model since 1981 to design drainage and
subirrigation systems in humid regions.
The basis of DRAINMOD is a water balance midway
between parallel drains for soil having an impermeable
layer at a known depth from the soil surface. This model
characterizes the response of the soil water regime for
Vcirious combinations of surface and subsurface water
management. DRAINMOD can predict the response of the water
table and the soil-water as a function of rainfall,
evapotranspiration (ET), and given degrees of surface and
subsurface drainage. The model can be used to evaluate
alternative water management systems and operating
procedures by using climatological data to simulate their
performance over several years of records.
DRAINMOD was developed as a tool for design of surface
and subsurface drainage systems. Simulation can be used to
evaluate a proposed system in terms of its ability to
satisfy specific trafficability or soil and water
requirements, which then can be used to evaluate water
management system performance.
The number of working days is a parameter used to
determine the suitability of the system for field operation
during planting and harvesting. A number of investigators
have attempted to define a workable day (Perdok and Tanis,
1985; Feddes and van Wijk, 1976; Skaggs, 1978). Perdok and
Tanis (1985) reported that a soil-water tension head of at
least 100 cm in the top soil is required for light tillage
operations, such as sowing. Feddes and van Wijk (197 6)
suggested a range of 100 cm to 500 cm of soil-water tension
in the top soil for ascertaining conditions for tillage and
germination. Skaggs (1978) defines a workable day as one
when the drainage air volume in the soil profile exceeds
some limiting value, if the rainfall occurring that day is
less than a minimum value, and if a minim\im number of days
have elapsed since that amount of rainfall occurred.
Whatever definition is used, the number of working days is
an important tool and is used in DRAINMOD for the
evaluation of the optimal subsurface drainage system.
DRAINMOD also can be used to predict crop yields based
on the soil and water stresses. An adequate supply of soil
water is essential for plant growth and for transporting
nutrients to roots, but excess water in the root 2one is a
problem for most crops. Crop yields are affected by
stresses caused by both excessive and deficient soil-water
conditions, which inhibit plant growth (Williamson and van
Schilfgaarde, 1965). The real problem caused by excessive
soil-water conditions in humid regions is the inadequate
aeration of the plant's root system (Carter, 1986; Sojka,
1986; Tondreaw et al., 1979; van Schilfgaarde and
Williamson, 1965; Wessling, 1974). Excessive soil water
conditions in the root zone are accompanied by oxygen
deficiency, and the roots are always injured if high water
tables prevail during the growing season (Williamson and
Kriz, 1970; Bradford and Yound, 1981; and Williamson and
van Schilfgaarde, 1965). Hiler (197 7) proposed a Stress-
Day Index (SDI) concept to quantify the effects of soil-
water stresses which occur at different times and at
various crop growth stages during the growing season.
The SDI approach can be used to quantify the effects
on yields of stresses caused by both excessive and
deficient soil-water conditions (Hiler and Clark, 1971). A
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model based on the SDI method was developed by
Hardjoamidioio and Skaggs (1982) to characterize the
effects of excessive soil-water conditions on corn yields.
Models using the SDI concept to predict the response of
corn yield to different soil water conditions have been
developed by Shaw (1978) and Sudar et al. (1979). A crop
response model was incorporated into DRAINMOD (Ravelo et
al,, 1982) that simulates relative crop yields in response
to planting delay and excessive or deficient soil-water
conditions. Separate SDI methods are used to evaluate the
reduction in yield caused by deficient soil water
conditions, excessive soil water conditions, and planting
delay. Yield reduction from excessive or deficient soil
moisture is linked to crop development through the use of
time-varying crop susceptibility factors. Average relative
yields for a variety of drainage systems are used to
provide an objective function to determine optimum system
design.
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SECTION I. EVALUATION AND TESTING OF DRAINMOD FOR TWO IOWA
SOILS
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ABSTRACT
Field drainage experiments were conducted to study the
effects of agricultural activities on subsurface drainage
flow rates and water table depths for two soils in Iowa.
Four years of field data from two experimental sites were
used to test the ability and reliability of the water
management model, DRAINMOD. The evaluation of DRAINMOD
indicates that the model did a good job in simulating the
subsurface drainage volumes and water table depths for Iowa
soils.
13
INTRODUCTION
Artificial drainage is a necessity for farming some of
the most productive soils of Iowa and the Midwest. Without
artificial drainage in agricultural lands, not only are
planting and harvesting operations quite likely to be
delayed, but poor growing conditions may result in total
crop failure in wet years (Kanwar et al., 1983, 1984a) and
in reduced yields in moderately wet years (Kanwar et al.,
1988a). Better water management systems are needed if the
production capacity of agricultural soils is to be
optimized. Therefore, the design of water management
systems, such as subsurface drainage in humid regions, is
important in determining the most efficient means of
agricultural water management.
Judgments on the design of subsurface drainage systems
have been made in the past on the basis of experience and
measured parameters by professionals. Since the early
1970s, considerable cjualitative information has become
available regarding the effect of water table management on
crop yields (Albino and Zerbi, 1986; Bradford and Yound,
1981; Bouwer, 1974; Evans and Skaggs, 1984a: Hiler, 1977;
Kanwar et al., 1988b; Wesseling, 1974), but methodology is
still lacking for incorporating crop needs into an optimal
water management design. A promising approach to the
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problem is the development of computer simulation models to
integrate crop water needs with the system design. Skaggs
(1978) has developed a computer simulation model, called
DRAINMOD, that simulates the response of soil water regimes
to various combinations of surface and subsurface water
management. DRAINMOD was developed for design and
evaluation of surface and subsurface drainage systems,
subirrigation or control drainage systems, and irrigation
of wastewater into land. DRAINMOD has been evaluated and
used successfully in many parts of the United States for
solving drainage/subirrigation related problems (Chang et
al., 1983; Evans and Skaggs, 1984b; Hardioamidjojo and
Skaggs, 1982; McMohan et al., 1987; Skaggs et al., 1981).
This model has also been adopted by the U.S. Soil
Conservation Service for evaluating water management
systems.
The object of this paper is to evaluate the
reliability and applicability of DRAINMOD for the
artificially drained soils of central and northeastern
Iowa. Experimental data used in this paper to evaluate
DRAINMOD were collected from two long-term field drainage
experiments at Iowa State University's Agronomy and
Agricultural Engineering Research Center near Ames in
central Iowa and at Iowa State University's Northeast
Research Center at Nashua in northeastern Iowa.
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MODEL DESCRIPTION
DRAINMOD is a water management model based on a water
balance at midpoint between parallel drains for soils
having an impermeable layer at a known depth from the soil
surface. The water balance equation used in DRAINMOD for a
unit time increment is expressed as:
= D + ET + DS - I
GL
where is the change in air volume (equal to drained
C1
volume), D is the water removed by artificial drainage, ET
is the evapotranspiration, and I is the infiltration (equal
to rainfall minus runoff and depression storage).
Therefore, any change in the air volume of the soil profile
would be reflected in the change of the water table
position.
The subsurface drainage flow into the tile lines (D)
is calculated by Hooghoudt's steady-state equation, as used
by Bouwer and van Schilfgaarde (1963). The potential
evapotranspiration (PET) is first calculated by using the
empirical method developed by Thomthwaite (1948). Each ET
calculation involves a check to determine whether soil
water conditions are limiting. When the water table is
near the surface or when the upper layers of the soil
profile have a high water content, ET will be equal to PET.
However, for deep water tables and under drier conditions,
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ET may be limited by the rate of water uptake by plant
roots. To account for water depletion, the vertical
profile is divided into two zones. The soil zone that is
directly above the water table is called the wet zone.
This wet zone, extends from the water table up to a dry
zone or the soil surface. The dry zone extends from the
soil surface down to the maximum root depth. The dry zone
develops when water is removed from the root zone to
satisfy ET demand. Detailed description of various model
processes and input data needs are given by Skaggs (1978).
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DESCRIPTION OF FIELD EXPERIMENTS
Drainmod was tested by using data from two continuing
drainage experiments in central and northeastern Iowa.
Experimental data used in this research were collected from
two long-term field experiments conducted at the Iowa State
University's Agronomy and Agricultural Engineering Research
Center near Ames in central Iowa, and at Iowa State
University's Northeast Research Center at Nashua in
northeastern Iowa.
The first set of data was obtained from a drainage
experiment conducted at the central Iowa experimental site.
The experimental site was on Nicollet silt-loam soil from
the Nicollet series. The Nicollet series consists of poorly
to moderately poorly drained soils with a slope of less
than 2%. These soils were formed in loamy glacial till.
Nicollet soils are commonly adjacent to Canisteo and
Webster soils on the landscape. The drainage system at the
experimental site consisted of 102 mm diameter clay tiles
spaced 36.6 m apart. Subsurface tile lines were installed
at a depth of 1.22 m in 1960. Observations made from one
plot, having an area of about 0.42 ha, were used in testing
and evaluating the model.
To provide access to the subsurface tile line, a siomp
152 cm deep was installed to intercept the drain tile. A
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float-activated recorder was installed in conjunction with
an H-flume to provide a record of tile flow rates as a
function of time. The data on daily tile flow rates were
collected from 198<ir through 1987.
Observation wells (1.8 m long and 38 mm diameter) were
installed 30 m apart in the plot, midway between subsurface
drains to measure water table depths. Observation wells
were read three times a week during 1984 through 1987.
A second set of test data was obtained from a drainage
experiment conducted at the Research Center at Nashua. The
soils at the experimental site are predominantly Kenyon
loam in the Kenyon-Clyde-Floyd Soil Association. Kenyon
soils are gently sloping on ridge slope and moderately
sloping on side slopes. These soils are moderately
well-drained with a thick» dark, loamy surface layer and a
high available water capacity (Kanwar et al., 1984b). At
the experimental site, plastic pipe drains were installed
at a depth of 1.20 m with both a trenchless plow and a
trenching machine. All lines were spaced 24.6 m apart and
arranged in groups of three lines installed with a
trencher, alternated with three lines installed with a
plow. This design allowed measurements to be made relative
to the middle line in each instance and to permit better
isolation of the installation methods. The middle lines,
once installed with each method, were monitored for water
19
table depths during the crop growing season (Rpril through
November) for 4 years (1981 to 1984). Water table depths
were taken from observation wells 120 cm long installed
midway between lines. Water table depths were read once a
week during the 1981 through 1984 growing seasons.
Because of freezing, drains did not flow during
January, February, and most of March. Therefore, model
evaluations were based on data collected from April 1 to
October 31.
20
MODEL INPUT DATA
The input data required for DRAINMOD include soil
properties, crop parameters, drainage system parameters and
climatological data. Soil properties input data include
saturated hydraulic conductivity as a function of depth,
soil water characteristics, relationships for the drainage
volume and steady upward flux as a function of water table
depth, Green-Ampt infiltration parameters, and water
content at the wilting point. Input data for crop
parameters include planting and harvest dates, and
effective rooting depth as a function of time. Drainage
system input parameters include drain depth and spacing,
effective depth to the impermeable layer, depth of surface
depression storage, drainage coefficient as limited by the
hydraulics of the system, geometric parameters used in
computing the drainage rate pounded surface conditions, and
depth of the water in the outlet as a function of time.
Climatological inputs are hourly or daily rainfall and
daily maximum and minimum temperatures.
Climatological data
The precision of the model prediction for
infiltration, runoff, and subsurface drainage is influenced
by the complete description of the rainfall intensity,
duration and time distribution. To get good estimates of
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model input parameters, hourly precipitation data were
obtained from a rain gaging station about 200 m from the
experimental site near Ames. Data on daily maximum and
minimum temperatures used to estimate PET by the
Thornthwaite method, also were collected at the local
gaging station.
At the experimental site near Nashua, daily
precipitation and temperatures data were obtained from the
nearby weather station at Charles City, Iowa. For the
purposes of model testing, daily precipitation was
distributed uniformly during the day, according to the
rainfall intensity, and entered into the model as hourly
precipitation.
Soil Properties Data
Hvdraulic conductivity
Hydraulic conductivity (K) measurements were made at
the experimental site in Central Iowa by using the Guelph
Permeameter (Kanwar et al., 1987). Saturated Hydraulic
conductivity measurements also were made in the laboratory
using a constant head permeameter. The values of saturated
hydraulic conductivities measured by the Guelph permeameter
were very low. Therefore, the values used in testing the
model were taken from the laboratory measurements, and an
average value of K equal to 0.87 cm/hr was used for the
entire soil profile for the Central Iowa location.
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At the experimental site in Northeast Iowa, saturated
hydraulic conductivity of the soil also was measxared using
the Guelph and Constant Head Permeameters.
A guelph permeameter was used to determine the
saturated hydraulic conductivity of soils for depths of 30
to 90 cm at five different locations. Before taking a
measurement with the Guelph Permeameter in the field, it
was necessary to prepare a well hole. A well bore-hole was
made by using a soil auger down to a depth 15 cm less than
the desired for the final opening. The last 15 cm was
excavated using a sizing auger to avoid compaction in the
well. Because the process of auguring a hole may create a
layer that can block the natural flow out of the well into
the surrounding soil, a Well Prep Brush was used to clean
the sides of the well hole, roughen the surface, and scour
the compacted layer.
The Guelph permeameter then was centered and lowered
into the well hole until the water outlet tip rested on the
well bottom. Once the permeameter was assembled and filled
with water, and placed in the prepared well hole, K
measurements were made at various depths following the
standardized procedure given on the Guelph permeameter
reference manual.
Laboratory determinations of (K) were obtained from
undisturbed soil samples collected from various depths.
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Five samples were collected fox* each depth and from four
different locations for K measurement. The soil samples
were collected in metal cylinders that served as retainers
for the soil in the conductivity determination. The
samples were brought into the laboratory, and one end of
each sample was covered with a piece of cloth held in place
with a rubber band. The samples were placed on a tray
filled with water to a depth just below the top of the
samples. The undisturbed samples were allowed to soak in
water for at least 21* hours, or longer if they were not
completely saturated. Empty cylindrical sample holders
were connected to the top of each sample. After placing a
small piece of blotting paper on the top of each sample,
water was poured into the upper cylinder until it was
one-third full. Samples then were transferred to a rack,
and a siphon was started to maintain a constant head of
water on the sample. After the water level on the top
cylinder had become stabilized, the water that percolated
was collected in a beaker. The volume of water (Q) that
passes through the soil sample in a known interval of time
was measured. The hydraulic head difference (dh) was
measured also. Then the saturated hydraulic conductivity
was calculated by using the following formula:
K = (Q/At)(L/dh)
24
where
A = cross-sectional area of the sample
L = length of the sample
Q = volume of water
t = time
dh = hydraulic head difference
K values obtained by "using the constant head
permeameter were used as input in DRAINMOD as the Guelph
permeameter gave significantly low K values. The measured
data for K values are given in Table 1.
Soil-water characteristics data
This property is a measure of how tightly water is
held in the soil matrix in the unsaturated state. In
addition to being an input for DRAINMOD, soil-water
characteristics are used in determining others inputs, such
as the relationship between water table depth and drainage
volume, upward flux, etc. Soil-water characteristics for
only one layer is used as input data in the model. These
should represent the thickest layer or the average between
the surface and the drain line depth. Soil-water
characteristics for all the layers are needed to determine
other required inputs.
Soil-water characteristics data at the experimental
site in central Iowa are given by Kanwar et al.(I987) and
are tabulated in Table 2.
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At the experimental site in Northeast Iowa, the soil
samples collected in metal cylinders were placed on trays
filled with water for 48 hours, or longer if they were not
completely saturated. A set of Ik funnels were used to
calculate the soil moisture retention curve. The funnels
were filled with water to remove trapped air in the porous
plates.
The soil samples were removed from the tray to drain
water for two minutes. Then they were weighted and placed
inside the funnels on the top of the porous plates. The
top of the funnels were closed, and a controlled gas
pressure of 40, 60, 120, 200, and 340 cm was applied at a
time. As the pressure increased, the water flowed out of
the sample through the porous plates into a beaker. The
amount of water flowing out was recorded at each desired
pressure. At the conclusion, the soil samples were oven
dried to obtain the dry weights.
For determination of the gravimetric moisture contents
at higher pressures, soil samples were obtained from
different locations in 30 cm depth increments down to the
drain depth. The soil samples were air-dried, mixed and
passed through a 2 mm sieve. The 1 bar (1000 cm) and 15
bar (15000 cm) plates of the pressure plate apparatus were
soaked in water to remove trapped air. Rubber sample rings
were placed on the plates and two soil samples from each
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depth were scooped in carefully so that no segregation of
particles occurred. A total of 6 sample rings were filled
with soil to apply a suction of 1000 cm on the 1-bar plate.
The sample rings filled with soil were allowed to stand
overnight with an excess of water on the plate.
The pressure chamber containing the 1-bar plate was
closed, and a suction of 100 cm was applied. The pressure
was applied until the outflow from the plate ceased. The
suction on the pressure chamber was released, and the
samples were transferred to pre-weighted moisture cans for
determining gravimetric moisture contents.
The procedure described above also was used for the
15-bar plate to determine the soil moisture contents at
wilting point.
Soil-water characteristics at the experimental site in
Northeast Iowa are given in Table 3.
Drainage volume vs. water table depth
This relationship is used in the model to determine
how far the water table falls or rises when a given amount
of water is removed or added. The volume of water drained
from soil cores at various water table depths can be
measured directly (Skaggs, 1978). However, this
relationship was obtained from the soil water
characteristic curves.
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In calcula'ting "the water yield, it is assumed that the
water table recedes such that the vertical hydraulic
gradient above the water table is zero and the unsaturated
zone is drained to equilibrium with the water table at all
times. Theoretical studies (Tang and Skaggs, 197 8; Skaggs
and Tang, 1976) indicate that this assumption is valid for
most field scale drainage systems.
A computer program was used to generate the
relationship between the drainage volume and water table
depth from the soil water characteristics. Drainage
voliame-Water table depth relationships are given in Figure
1 for the experimental sites in Central and Northeast Iowa.
Upward flux
The relationship between the upward flux and water
table depth is another important input need of the model.
It determines how much water can be supplied from the water
table to satisfy the daily ET needs. Upward flux was
calculated by solving the following Darcy-Buckinghan
equation:
q = -K(h) (dh/dz) + K(h)
where q is the upward fliix, z is the vertical position from
the water table, h is the pressure head and K(h) is the
unsaturated hydraulic conductivity.
It is generally difficult to apply the above method to
determine upward flux relationships because of the
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unavailability of the unsaturated hydraulic conductivity
data. Several methods have been proposed for calculating
K(0) from pore size distribution data. Childs and Collis
(1950) developed a method pertinent to unsaturated soils.
Later Marshall (1958) and Millington and Quirk (1959, 1960,
1961) improved and simplified the calculation procedure.
Several methods have been compared with experimental data
by Nielsen et al. (1960), and Jackson et al. (1965). The
general conclusion drawn by the various investigators was
that Marshall and Millington and Quirk methods were easiest
to us© and yielded reasonable results, if matching factor
was used. The matching factor is the ratio of the measured
to calculated conductivity at a particular water content,
usually at saturation.
A computer program was used to estimate the
unsaturated conductivity by the Millington and Quirk
method. The program reads in soil water characteristics
data and saturated hydraulic conductivity values.
After we had obtained the unsaturated hydraulic
conductivity at different moisture contents, the
relationships between the maximum rate of upward movement
and water table depth were determined by numerically
solving the Darcy-Buckinghan equation.
Computer programs used to determine the upward flux
and unsaturated conductivity are given in Appendixes A and
29
B. Figure 2 gives relationships between the upward flux
and water table depths for both experimental sites.
Infiltration parameters
The amount of water entering the soil is a function of
the infiltration capacity (f) which is calculated in the
model by the Green-Amp equation;
f = a/INF + B
where INF = cumulative infiltration, A = K„ M and
dv
B = Kg (where Kg is the saturated hydraulic conductivity, M
is the drainable porosity and is the effective suction
at the wetting front).
The model requires inputs for infiltration in the form
of a table of A and B vs. water table depth. When rainfall
occurs, A and B values are interpolated from the table for
the appropriate water table depth at the beginning of the
rainfall event.
A double ring infiltrometer apparatus was used to
measure the infiltration rate of water into the soil. For
the double ring apparatus, the inner ring, also called the
measuring ring, was 37 cm in diameter and 20 cm tall. The
outer ring is used to provide a buffer zone to minimize the
lateral seepage of water into the soil. The rings were
forced into the soil to a depth of approximately 5 cm.
Care was taken when pushing the rings to minimize the
disturbance of the soil matrix during the rings'
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installation and to prevent the deformation of the ring.
To make water depth measurements while pounding in the
inner ring, a plywood platform was built to carry a
portable water stage recorder on top of the infiltrometer
assembly.
A water stage recorder was used to record the
recession of water in the inner measuring ring as a
function of time. When the float attached to the stage
recorder subsided with water, this subsidence was recorded
directly into the chart, and infiltration of water into the
soil for a given period of time was read from the charts.
The infiltration rates were determined by drawing a smooth
curve through the observed cumulative infiltration data and
taking the slope at various times along the curve. Figure
3 gives the details of this set up.
The parameters A and B were determined by plotting the
infiltration rate vs. time in each of the four runs, and
the constant rate of infiltration, B, was considered equal
to the saturated hydraulic conductivity of the soil. From
Figures C-1 through C-k in Appendix C, the average
saturated hydraulic conductivity was found to equal 0.87
cm/hr. The average effective suction at the wetting front
was obtained from research done by Brakensiek et al. (1980)
on 166 silt loam samples. An average effective suction
(Sav) of 35 cm was used at the experimental site in Central
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Iowa. After B and have been determined, they are kept
dv
constant so that different values of A can be estimated by
obtaining the appropriate value of M for each water table
depth.
In calculating the A parameter of the Green-Ampt
equation, it is assumed that the water table recedes such
that the vertical hydraulic gradient above the water table
is zero and the unsaturated zone is drained to equilibrixjm
at all times. Thus, it is assumed that the water content
distribution at any time is the same as that which would
result if the water table was stationary at a given
position and the profile drained to equilibrium.
At the experimental site in Northeast Iowa, the
infiltration test was performed using the same procedure
explained above. Figures C-5 through C-8 in Appendix C,
show the results of the infiltration tests. Because of the
discrepancy in these data, the infiltration parameters for
the Green and Ampt equation were obtained from the
experimental site in Central Iowa.
A and B parameters vs. water table depth are tabulated
in Table
Crop Input Data
Crop input data include the relationship between
effective rooting depth and time and the dates to initiate
and stop SEW and Dry day computations. The main input to
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the model is the effective rooting depth-time relationship.
An effective rooting depth as a function of time is used in
DRAINMOD to define the zone from which water can be removed
to meet the ET demands. The rooting depth function is read
in as a table of effective rooting depth vs. Julian days.
The effective rooting depth for corn was estimated from
Shaw's (1963) data. Table 5 gives the effective rooting
depth as a function of time. It was assumed that water
could be removed from the top 5 cm of soil by evaporation
so that the minim\im effective rooting depth was assumed to
be equal to 5 cm.
The effective rooting depth in DRAINMOD should not be
based on the maximum depth of root penetration. In uniform
soils that are fully supplied with available moisture,
plants use water rapidly from the upper part of the root
zone and slowly from the extreme lower soil profile. Basic
moisture extraction curves indicate that almost all plants
growing in a uniform soil with an adequate supply of
available moisture have similar moisture extraction
patterns. Use of the 60 percent maximum root depth
penetration has given good results in tests of the model.
Drainage system parameters
Input data describing the drainage system are
summarized in Table 6. These data are used in combination
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with the soil properties data to compute drainage flux,
surface runoff, etc., in the computer simulation.
T
a
b
le
1
.
S
a
tu
r
a
te
d
h
y
d
r
a
u
li
c
c
o
n
d
u
c
ti
v
it
y
(K
)
in
N
a
s
h
u
a
N
o
r
th
e
a
s
t
Io
w
a
S
o
il
D
ep
th
M
et
ho
d^
M
e
a
n
,
K
(c
m
)
(
c
m
/h
r
)
0
-
3
0
G
P
0
.3
3
5
L
a
b
0
.3
4
7
3
0
-
4
5
G
P
0
.2
4
3
L
a
b
0
.5
0
1
4
5
-
6
0
G
P
0
.1
4
3
L
a
b
0
.6
4
6
6
0
-7
5
G
P
0
.3
9
8
L
a
b
0
.4
2
7
^G
P
=
G
u
el
p
h
P
er
m
ea
m
et
er
L
a
b
=
L
a
b
o
ra
to
ry
M
e
th
o
d
.
C
O
IP
-
T
a
b
le
2
.
S
o
il
w
a
te
r
o
h
a
r
a
c
te
r
is
ti
o
s
a
t
th
e
e
x
p
e
ri
m
e
n
ta
l
s
i
t
e
i
n
c
e
n
t
r
a
l
Io
w
a
D
e
p
th
S
o
il
-W
a
te
r
C
h
a
r
a
c
te
r
is
ti
c
s
V
o
lu
m
e
tr
ic
s
o
i
l
m
o
is
tu
r
e
c
o
n
te
n
t
te
n
s
io
n
s
o
f
c
m
0
.0
0
1
0
3
0
5
0
8
0
1
0
0
3
2
5
1
0
0
0
1
5
0
0
0
c
m
0
-
2
5
0
.4
9
0
.3
9
0
.3
7
0
,3
5
0
.3
3
0
.3
2
0
.3
0
0
.2
5
0
.1
7
2
5
-4
5
0
.5
1
0
.3
8
0
.3
6
0
.3
3
0
.3
1
0
.3
1
0
.2
8
0
.2
4
0
.1
7
4
5
-7
5
0
.4
9
0
.3
6
0
.3
3
0
.3
1
0
.2
9
0
.2
9
0
.2
7
0
.2
4
0
.1
7
7
5
-1
2
0
0
.4
6
0
.3
5
0
.3
1
0
.2
9
0
.2
8
0
.2
7
0
.2
5
0
.2
2
0
.1
3
C
J
U
l'
T
a
b
le
3
.
S
o
il
w
a
te
r
c
h
a
r
a
c
te
r
is
ti
c
s
a
t
th
e
e
x
p
e
ri
m
e
n
ta
l
s
i
t
e
i
n
n
o
r
t
h
e
a
s
t
e
r
n
Io
w
a
D
ep
th
S
o
il
a
n
d
W
a
te
r
C
h
a
ra
c
te
ri
s
ti
c
g
V
o
lu
m
e
tr
io
s
o
il
m
o
is
tu
re
c
o
n
te
n
t
te
n
s
io
n
o
f
cm
c
m
0
-
3
0
0
.4
7
0
.
4
2
0
.4
1
0
.3
8
0
.3
7
0
.
3
6
0
.2
2
0
.1
4
3
0
-
6
0
0
.4
7
0
.
4
2
0
.4
1
0
.
3
9
0
.
3
8
0
.3
7
0
.2
4
0
.1
3
6
0
-
7
5
0
.4
5
0
.4
1
0
.4
1
0
.
3
9
0
.3
9
0
.3
7
0
.
2
3
0
.1
2
7
5
-
9
0
0
.4
6
0
,4
2
0
.
4
1
0
.3
8
0
.3
8
0
.3
6
0
.2
2
0
.1
5
C
O
O
N
o e e Q
2
2
0
-•
2
0
0
-
1
B
0
-
1
6
0
-
1
4
0
-
1
2
0
-
1
0
0
-
8
0
-
6
0
-
4
0
-
2
0
-
1-
"'
'^
—
T
-
0
'
i
0
0
.2
N
k
o
ll
at
si
lt
lo
o
m
ao
Q
W
ot
or
to
bi
o
d
o
p
th
(m
)
K
on
yo
n
lo
om
•e
ll
F
ig
u
re
;
1
.
D
ra
in
ag
e
v
o
lu
m
e
a
s
a
fu
n
c
ti
o
n
o
f
w
a
te
r
ta
b
le
d
e
p
th
fo
r
th
e
s
o
i
l
s
c
o
n
s
id
e
r
e
d
in
t
h
i
s
s
tu
d
y
U
)
•«
a
>
»
a •o E E X T
J i
. 0 1 Q
.
3 E a E X a 2
1
0
0
9
0
-
2
-
C
I
N
!c
o
n
«
t
si
lt
lo
o
m
+
K
sn
y
o
n
lo
a
m
"
T
I
I
T
6
0
0
0
IC
Q
W
at
er
ta
b
le
d
e
p
th
(c
m
)
1
2
0
1
4
0
1
6
0
1
B
0
F
ig
u
re
2
.
E
f
f
e
c
t
o
f
w
a
te
r
ta
b
le
d
e
p
th
o
n
s
te
a
d
y
u
p
w
a
rd
fl
u
x
fr
o
m
t
h
e
v
/a
te
r
t
a
b
l
e
C
O
C
O
.t.I
••^4
uj.rij.i
J»-4,,#1'
'r
60
T
a
b
le
fc
.
P
a
ra
m
e
te
rs
fo
r
th
e
G
re
e
n
-f
lm
p
t
e
q
u
a
ti
o
n
fo
r
v
a
ri
o
u
s
w
a
te
r
ta
b
le
d
e
p
th
s
a
t
th
e
s
ta
r
t
o
f
ra
in
fa
ll
fo
r
th
e
e
x
p
e
ri
m
e
n
ta
l
s
i
t
e
s
W
a
te
r
ta
b
le
d
e
p
th
,(
c
m
)
A
=
K
M
S
(c
m
^/
hr
)
S
O
i\
r
B
=
K
(
c
m
/h
r
)
0
.0
0
0
.0
0
0
.0
7
1
0
.0
0
3
.2
3
0
.8
7
5
0
.0
0
4
.6
3
0
.8
7
1
0
0
.0
0
5
.
2
6
0
.
8
7
ip
-
1
5
0
.0
0
5
.
5
0
0
.8
7
o
1
9
0
.0
0
5
.7
3
0
.8
7
3
2
5
.0
0
5
.
8
4
0
.8
7
T
a
b
le
5
.
E
ff
e
c
ti
v
e
ro
o
t
d
e
p
th
a
s
a
fu
n
c
ti
o
n
o
f
ti
m
e
f
o
r
th
e
e
x
p
e
ri
m
e
n
ta
l
s
it
e
s
M
o
n
th
D
a
y
s
R
o
o
t
d
e
p
th
,
(c
m
)
1
1
5
,,
0
0
5
1
6
.,
0
0
6
1
1
5
..
0
0
6
2
1
3
0
..
0
0
7
2
4
5
..
0
0
7
1
7
6
0
..
0
0
9
1
5
6
0
,.
0
0
1
0
1
5
6
0
..
0
0
1
2
3
1
4
.0
0
T
a
b
le
6
.
D
ra
in
a
g
e
sy
st
e
m
p
a
ra
m
e
te
rs
fo
r
th
e
e
x
p
e
ri
m
e
n
ta
l
s
it
e
s
P
a
r
a
m
e
t
e
r
s
V
a
r
i
a
b
l
e
s
N
a
m
e
V
a
lu
e
s
C
e
n
t
r
a
l
N
o
r
t
h
e
a
s
t
e
r
n
T
i
l
e
d
i
a
m
e
t
e
r
T
D
1
0
.
1
6
c
m
1
0
.
1
6
c
m
D
r
a
in
s
p
a
c
in
g
S
D
R
A
IN
3
6
0
0
.
0
0
c
m
2
4
5
6
.
0
0
c
m
E
q
u
iv
a
le
n
t
d
e
p
th
fr
o
m
im
p
e
n
n
e
a
b
le
la
y
e
r
H
D
R
A
IN
1
3
9
.
0
0
c
m
1
1
3
.
0
0
c
m
D
r
a
in
d
e
p
th
D
D
R
A
IN
1
2
0
.
0
0
c
m
1
2
0
.
0
0
c
m
W
il
ti
n
g
p
o
in
t
W
P
0
.
1
7
0
.
I
k
M
a
x
im
u
m
d
e
p
th
o
f
s
u
r
f
a
c
e
p
o
u
n
d
in
g
S
T
M
A
X
1
.
2
5
c
m
1
.
2
5
c
m
D
e
p
th
to
th
e
ij
n
p
e
rm
e
a
b
le
la
y
e
r
A
D
E
P
T
H
3
9
0
.
0
0
c
m
3
9
0
.
0
0
c
m
«p
*
^3
MODEL EVALUATION METHODOLOGY
Field data on tile flow rates and water table depths
were used to test the performance of DRAINMOD, The model
was evaluated on the basis of its ability to predict
accurately the water table depth and subsurface drain flows
during the growing season. Model simulations were
conducted from April 1 to October 31 for 1981 to 1984 at
the experimental site in northeastern Iowa, and for 1984 to
1987 at the experimental site in central Iowa (1984 data
were used for model calibration). Measured and predicted
water table depths and subsurface drain flows were compared
to evaluate the reliability of the model. The standard
error (SE) and average deviation (AD) between the observed
and simulated data were calculated by using the equations:
SE = [.2 (Xi.p - Xi,o)2
1=1
AD = .S ABS[Xi,p - Xi,o] / n
1 = 1
where Xi,m is the measured water table depth or drain flow
on day i, Xi»p is the predicted water table depth or drain
flow on day i, and n is the number of observations during
the growing season. The model predictions at the
experimental site in northeastern Iowa are not, however,
the result of a data-fitting exercise. Agreement between
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measured and predicted results could be improved by
changing the model inputs. However, juggling the various
inputs to improve the agreement with observed data would
not provide a meaningful test of the model.
1*5
ANALYSIS OF THE RESULTS
Experimental Site at Central Iowa
Measured and predicted tile flows and water table
elevations for 1984, 1985, 1986, and 1987 are plotted in
Figures 4 through 9. In general, the model predictions
were reasonably close to the observed values. The
predicted water table depth agreed reasonably well with the
measured water table depth for 1985 and 1986. With only a
few exceptions, predicted values were close to measured
values. These results seem particularly good despite our
considering the approximation and making assumptions in the
input data on upward water flux and infiltration constants.
Values of average deviation and standard error for the
water table and tile flow data are given in Table 7. Water
table data were not collected in 1984-, and tiles did not
flow for most of 1985. Therefore, Table 7 does not show
these two data sets. The agreement between observed and
predicted water table depths was good. The average
deviation values ranged from 8.4 to 14.97 cm, and the
standard error ranged from 10.14 to 19.28 cm.
Statistically, the average deviation to the range of 14.97
cm and standard error to the range of 19.78 cm are
indicators of quantitative dispersion between the measured
and predicted water table depths.
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A close examination of the predicted water table
depths shows that the model responds immediately to the
rainfall. The predicted water table drawdown rate was
faster than that observed most of the time, and the
predicted water table depths tended to be somewhat lower
than the measured values for 1985 to 1987.
The water table fluctuated from the soil surface to a
depth of more than 160 cm. Comparisons shown in Figures 5,
7 and 9 indicated that the model overestimated the water
table depth during extremely wet periods and underestimated
it during dry periods. This might be because of the
assximptions made between the relationships for the drainage
volume vs. water table depth, and water table depth vs.
Green and Ampt infiltration parameters.
The method used in DRAINMOD to calculate tile flow
rate is based on the application of Hooghoudt's steady-
state equation. Tile flows depend on the water table
elevation midway between the drains and on the saturated
hydraulic conductivity. When the water table is below the
drainage depth, predicted drainage rate is set equal to
zero, even if precipitation occurs during the day.
However, measured tile flows show that there is a response
in drainage rate when rainfall occurs, even if the water
table is below the drain depth.
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A summary of th© predicted and measured subsurface
drain flows and water table depths are given in Tables 8
and 9. The agreement between the predicted and observed
subsurface drain flows for 1984 was excellent. On the
average, DRAINMOD overpredicted monthly subsurface drain
flows by only 0.33 cm. However, the model underestimated
th© drain flows for 1986 and 1987. The worst fit for
subsurface drainage, as determined by the average deviation
(AD = 0.061) and standard error (SE = 0.13), was obtained
in 1987 data (Figure 8). Errors of prediction would be
expected to be higher if ET had not been limited by the
upward flux and if deep seepage had been considered.
Experimental Site at Northeast Iowa.
Results of model predictions using northeastern Iowa
data are summarized in Figures 10 through 13. From these
figures, it is clear that the predicted water table depths
agreed reasonably well with the observed data. The
predicted water table drawdown rate was usually lower than
the observed rate when the water table was above the tile
line. This could have been due to the K value used, which
may be too low or because of an erroneous relationship for
drainage volume vs. water table depth. The results given
in Figures 10 through 13 indicate that agreement between
predicted and observed results can be improved considerably
by using a larger K value. However, such values were not
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obtained from hydraulic conductivity measurements, so their
use would not provide a fair test of the validity of the
model.
Table 7 gives the values of two statistical parameters
(namely, average deviation and standard error) that also
were used for the comparison of observed and predicted
water table depths. The average deviation varied from
13.71 to 18.61 cm, and the standard error varied from 16.11
to 21.65 cm. These results, along with the monthly average
water table depths (Table 10), show that the model has the
capability of simulating different soil systems
satisfactorily.
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Table 10. Simmary of predicted and measured water table
depth for northeastern Iowa experimental site
Month 1991
1982
DRAINMOD
am
Observed
cm
DRAINMOD
cm
Observed
cm
k 69.<kl 85.33 94.62 87.43
5 83.66 84.25 64.46 79.68
6 93.08 83.42 77.87 79.85
7 122.36 103.81 119.06 102.07
8 109.87 101.09 147.42 115.14
9 125.09 111.01 139.87 117.14
10 12<fr.42 125.13
Average 103.98 98.24 109.77 96.89
Month 198 3 1984
DRAINMOD Observed
cm
DRAINMOD
cm
Observed
cm
k 92.13 83.70 98.78 73.90
5 63.39 70.21 80.40 82.00
6 87.85 87.93 102.85 91.80
7 116.96 90.47 138.45 106.00
8 153.16 113.44 154.91
9 130.75 106.89 167.70
10 93.06 93.43 163.70
Average 105.45 92.30 129.43
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SECTION II, SIMULATION OF CORN YIELD BY DRAINMOD FOR TWO
IOWA SOILS
67
ABSTRACT
Field drainage experiments were conducted to study the
effects of excessive soil-water and drought conditions on
corn yields for two artificially drained soils in Iowa.
The yield response of DRAINMOD was used to predict corn
yields for two experimental sites in central and
northeastern Iowa for 1980 through 1988. In general» the
model predictions were reasonably close to the observed
corn yields. The standard error and average deviation of
the estimates of relative yields were 13.4.2 and 11.26,
respectively. The squared error between the predicted and
measured yields was 0.54.
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INTRODUCTION
Floods and droughts have caused damage to crops ever
since crops have been grovm. These floods and droughts may
come at any time of the year and cause damage to crops.
Most of the time, it's either too wet or too dry for
optimum corn growth. In some areas and under certain
conditions, even average seasonal weather will produce
stress on corn.
Stress may result from a number of factors. A shortage
of soil-water in midsummer is by far the most frequently
occurring and detrimental factor for crop growth in Iowa.
Inadequate moisture during any period of growth can result
in reduced grain yield. Nutrient availability, uptake, and
transport in the soil-plant environment are difficult
without sufficient soil-water. Plants weakened by moisture
stress are also more susceptible to diseases. Adverse soil
moisture conditions in combination with other factors such
as nutrient deficiencies, diseases, insects, and weeds
interact to create many different kinds of crop stresses.
During the past decade, researchers have been
developing computer models to simulate crop growth and
production as a function of soil and climatic conditions.
These simulation models are used to analyze crop response
to excessive and deficient soil-water conditions
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(Hardioamidiojo and Skaggs, 1982; Ravelo et al., 1982;
Shaw, 197^*: Sudar et al., 1979).
On© of the most-used computer simulation models for
yield prediction is DRAINMOD. Since 1973, this water
management simulation model has been under development by
Skaggs (1975) for soil with shallow water tables. In 1982,
the Stress Day Index (SDI) concept was incorporated in
DRAINMOD to quantify the effect of soil-water stresses on
corn yields.
The SDI approach can be used to quantify the effects on
crop yield caused by both excessive and deficient soil
water (Hiler and Clark, 1971). A model based on the SDI
concept was developed by Hardioamidjoio and Skaggs (1982)
to characterize the effects of excessive soil water on corn
yields. Models using the SDI concept to predict the yield
response to deficient soil-water have been developed by
Shaw (1978) and Sudar et al. (1979).
The crop response version of DRAINMOD has been used
successfully to evaluate water management schemes for
several different regions (Hardioamidjoio and Skaggs, 1982;
McMahon and Mostaghimi, 1987; Chieng, 1984). The purpose
of this research was to evaluate the suitability and
reliability of the yield version of DRAINMOD to
successfully predict corn yields for two artificially
drained soils in Iowa.
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MODEL DESCRIPTION
The water management model, DRAINMOD (Skaggs, 1978),
provides the basic framework to compute the water table
position and the soil-water regime in the root zone.
The DRAINMOD is based on a water balance concept at the
midpoint between parallel drains for soils having an
impermeable layer at a known depth from the soil surface.
Detailed description of various model processes and input
data needs for the non-yield version of DRAINMOD are given
by Skaggs (1978).
The yield version of DRAINMOD (Hardjoamidjojo and
Skaggs, 1982) defined the relative yield as a function of
three components:
Yr = Yrw * Yrd * Yrp
where Yr is the relative yield (%), Yrw is the relative
yield caused by excess soil-water conditions (%), Yrd is
the relative yield resulting from the effect of drought
stress on yield (%), and Yrp is the relative yield that
results when planting delays affect crop yield (%). Each
relative yield is determined as a function of the potential
yield, the yield expected in the absence of planting delays
and soil-water stresses.
Yrw is computed by using the Stress Day Index (SDI)
method, which considers the crop susceptibility to
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excessive soil-watex* conditions for different growth stages
during the growing season.
The model used for predicting corn yield response can
be summarized as:
Yrw = Yrwmax for SDI = 0.00
Yrw = Yrwmax - Dslope * SDI for 0< SDI <(Yrwmax/Dslope)
Yrw = 0.00 for SDIw > (Yrwmax/Dslope)
where Yrwmax is the maximum yield in percent in the absence
of excessive soil-water, Dslope is the slope of the
predicting equation, and SDIw is the Stress Day Index for
wet conditions. The SDIw is expressed as:
N
SDIw [ CSwi ♦ SDwi ]
1=1
where N is the niomber of days in the growing season, CSwi
is the crop susceptibility factor for excessive wet
conditions for day i, and SDwi is the stress day factor for
day i and is taken as the daily value of SEW^q (Sum of
Excess Water).
Soil-water deficiency at almost any time during the
growing season can cause a reduction in yield. Shaw (1978)
developed a corn-response model for deficient soil-water
conditions. The crop response was incorporated in DRAINMOD
and may be written as:
Yrd = Yrdmax - yrdslope * SDId
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where Yrdmax is the maximum relative yield in percent in
the absence of soil-water stresses, Yrdslope is the slope
of the predicting equation, and SDId is the Stress Day
Index for drought conditions. The Stress Day Index for
drought conditions is expressed as:
N
SDId =E E SDdi * CSdi ]
1=1
where SDdi and CSdi are respectively the stress day and
crop susceptibility factors for growth period i, and N is
the number of periods in the growing season. The SDdi is
defined as:
Ni
SDdi = E [ 1 - AETj / PETi 1
J = 1
where AET and PET are, respectively, the actual and
potential daily evapotranspiration, and Ni is the number of
days in the i-th growing period.
DRAINMOD also has the capability to predict the yield
response caused by a delayed planting date. Corn yields
are reduced significantly if the planting date is delayed
beyond an optimum period. DRAINMOD determines whether
trafficable conditions exist each day and keeps a running
total of suitable working days during the planting period.
When enough working days have occurred to complete seedbed
operations, the planting date is fixed (Hardjoamidjojo and
Skaggs, 1982). The length of planting date beyond the
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optimiim is determined, and the relative yield, Yitp, is
estimated from the equation:
If PDELftY < DELRYl,
Yrp = 100 - PDRF * PDELAY
IF PDELAY > DELAY1,
Yrp = 100 - PDRF * PDELAY - PDRF2 * PDELAY - PDRF2 *
(DELAY - DELAYl)
where DELAYl is a breakpoint past where the yields decrease
at a faster rate, and PDRF and PDRF2 are the slopes before
and after the breakpoint. Detailed descriptions of various
model processes and input data needs are given by
Hardjoamidjoio and Skaggs (1982).
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DESCRIPTION OF FIELD EXPERIMENTS
DRAINMOD was tested by using data from two continuing
drainage experiments in central and northeastern Iowa.
Experimental data used in this research were collected from
two long-term field experiments conducted at Iowa State
"University's Agronomy and Agricultural Engineering Research
Center near Ames in central Iowa and at Iowa State
University's Northeastern Research Center at Nashua in
northeastern Iowa.
The first set of data was obtained from a drainage
experiment conducted at the central Iowa experimental site.
The experimental site was on Nicollet silt-loam soil from
the Nicollet series. The Nicollet series consists of
somewhat poorly to moderately drained soils with a slope of
less than 2 %. The drainage system at the experimental
site consisted of 102-mm-diameter clay tiles spaced 36.6 m
apart. These subsurface tile lines were installed at a
depth of 1.22 m in 1960. The observations made from one
plot, of about 0,42 ha, were used in testing and evaluating
the yield version of DRAINMOD.
To provide access to the subsurface tile line, a s\mip
152 cm deep was installed to intercept the drain tile. A
float-activated recorder was installed in conjunction with
an H-flijme to provide a record of tile flow rates as a
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function of time. The data on daily tile flow rates were
collected from 1984 through 1987.
Observation wells (1.8 m long and 38 mm diameter) were
installed 30 m apart in the plot, midway between subsurface
drains to measure water table depths. Observation wells
were read three times a week during 1984 through 1987.
Corn was planted in early May in this no-till plot. A
single application of 175 kg/ha of N-fertilizer was
applied. The average corn yield from this plot was used
for model evaluation.
A second set of test data was obtained from a drainage
experiment conducted at Iowa State University's
Northeastern Research Center at Nashua in northeastern
Iowa. The soils at the experimental site are predominantly
Kenyon loam in the Kenyon-Clyde-Floyd Soil Association.
Kenyon soils are gently sloping on ridge slope and
moderately sloping on side slopes. These soils are
moderately well-drained, with a thick, dark, loamy surface
layer and a high available water capacity (Kanwar et al.,
1984). At the experimental site, plastic pipe drains were
installed at a depth of 1.20 m with a trenchless plow and a
trencher. All lines were spaced 24.6 m apart and arranged
in groups of three lines installed with a trencher,
alternated with three lines installed with a plow, to allow
measurement to be made relative to the middle line in each
76
instance and to permit better isolation of the installation
methods. The middle lines, once installed with each
method, were monitored for water table depths during the
crop growing season (April through November) for 4 years
(1981 through 1984). Water table depths were taken from
observation wells installed to a depth of 120 cm midway
between lines. Water table depths were read once a week
from April through November 30 for 5 years (1980-1984).
Data on corn yields from this experimental site were
used to test the reliability of the yield version of
DRAINMOD. Soybean was planted in 1981 and 1983,
Therefore, the data on com yields for these years were
obtained from the adjacent area of the field where water
table depths were not monitored but was under similar
drainage and crop production systems. Table 1 shows the
planting, harvesting and average corn yields for 5 years at
the experimental site in central and northeastern Iowa.
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MODEL INPUT DATA
Various inputs to DRAINMOD include climatological,
soil, drainage system, and crop parameters data.
Climatological Data
The precision of model prediction for infiltration,
runoff, and subsurface drainage is influenced by the
complete description of the rainfall intensity, duration
and time distribution. To get good estimates of model
input parameters, hourly precipitation data were obtained
from a rain gaging station located about 200 m from the
experimental site near Ames. Data on daily maximum and
minimum temperatures used to estimate PET by the
Thornthwaite method also were collected at the local gaging
station.
At the experimental site near Nashua, daily
precipitation and temperature data were obtained from the
nearby weather station at Charles City, Iowa. For model
testing, daily precipitation was distributed uniformly
during the day, and hourly precipitation was calculated to
be used as input to the model.
Soil and Drainage Parameters Data
The soil parameters needed by DRAINMOD are the
saturated hydraulic conductivity, the relationship between
drainage volume and water table depth, the infiltration
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parameters for the Green-Ampt equation, the soil-water
content at the wilting point, the depth of the impermeable
layer, and the relationship between upward fl\ix vs. depth
of the water table to supply ET requirements. The values
used for these parameters and relationships were the same
as those described by Sanoja et al. (1988).
Crop Input Data
The crop data for corn and the output data from the
corn yield version of DRAINMOD are based on relative yield;
therefore, the data should be readily transferable to other
locations. The effective rooting depth zone for corn was
estimated from Shaw (1963). An effective rooting depth as
a function of time is used in DRAINMOD to define the zone
from which water can be removed to satisfy the ET demand.
Table 2 gives the effective rooting depth as a function of
time.
The model for predicting corn yield response to
excessive soil-water conditions was developed from an
analysis of the results of long-term field drainage
experiments in Iowa (Kanwar et al., 1988). The model used
to quantify the effect of high water tables on corn yields
was developed by Kanwar et al. (1988) and is summarized as:
Yrw = 90.0 for SDIw = 0
Yrw = 90.0 - 0.36 SDIw for 0 < SDIw < 250
Yrw =0.0 for SDIw > 250
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where Yrw is the relative yield Y/Yo (%), Yo is the
potential yield, or the expected yield in the absence of
soil-water stresses. Y is the yield when crop growth and
production are limited by wet soil conditions, and SDIw is
the stress caused by excessive wet conditions.
Normalized crop susceptibility factors (NCS) for corn
were obtained from data collected by Evans and Skaggs
(1984). The reason for using NCS factors is to eliminate
the effects of soil type, fertility, temperature and
others. Table 3 gives the normalized crop susceptibility
factors for wet conditions as a function of time after
planting.
Shaw (1978) developed a corn response model for
deficient soil-water based on extensive research in Iowa.
This model is used in this study and may be written in the
normalized form as;
Yrd = 100.0 for SDId =0.0
Yrd = 100.0 - 1.22 * SDId for 0.0 < SDId < 82.0
Yrd =0.0 for SDId >82.0
Where Yrd is the relative yield Y/Yo, Yo is the potential
yield, Y is the yield when the plant is affected by
deficient soil water only. SDId is the Stress Day Index
caused by deficient soil water.
Shaw's crop susceptibility factors for 5-days growing
periods relative to the silking stage were used to evaluate
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deficient soil-water conditions on corn yield (Table k),
The silking stage lasts 20 days in the middle of the
growing season. Whenever the stress day factor (SDd) was
4.5 or greater for two or more consecutive 5-day periods,
Shaw (1974) recommended that the SDd for those intervals be
multiplied by an additional factor of 1.5.
Corn yields are significantly reduced if planting is
delayed beyond an optimum period. The reduction in corn
yields caused by late planting has been well established in
Iowa by Benson and Thompson (1974). A 5-year study in
northeastern Iowa shows a sharp decline in corn yield when
corn is planted May 20 and May 30 as compared with planting
on May 2 and May 10. Eight years of data indicate no yield
difference for planting dates from April 16 to May 12.
Long-term studies at several experimental farms in Iowa
indicate that, on the average, yields start to decline when
corn is planted after May 10 to May 15. The yield response
input data for delayed planting are given in Figure 1 and
Table 5.
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MODEL EVALUATION
The model was evaluated on the basis of its ability to
predict accurately the corn yields for the growing seasons
of 1980 through 1988. Model simulations were conducted
from April 1 to October 31 for 1980 through 1984 for the
experimental site in northeastern Iowa and for 1984 through
1988 for the experimental site in central Iowa (1984 data
were used for model evaluation). Measured and predicted
water table depths and tile flow rates were compared to
evaluate the reliability of the DRAINMOD, and the results
are given by Sanoja et al. (1988).
The standard error (SE) and the average deviation (AD)
between the observed and predicted corn yields were
calculated by using the equations:
SE = (Xi,p - Xi,o)2
AD = ABS[Xi,p - Xi,o] / n
where Xi,p is the predicted corn yield in year i, xi,o is
the observed corn yield in year i» and N is the number of
observations.
Observed corn yields from both experimental sites were
converted to relative yields by dividing the measured by
the potential yield. At the experimental sites in central
and northeastern Iowa, the highest observed yields were
10700 kg/ha (1986) and 9563 kg/ha (1984), respectively.
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They were taken as the base maximum yields and used to
determine the measured relative yields for all other years
83
ANALYSIS OF THE RESULTS
Observed and predicted relative yields along with the
components Yrw, Yrd, Yrp are given in Table 6. In general,
the model predictions were reasonably close to the observed
values. The standard error and average deviation of the
estimates of the relative yields were 13.42 and 11.26,
respectively. When the comparisons were made for the
overall averages of measured and predicted corn yields for
the 10 years, the agreement was excellent (average relative
predicted and measured yields were 0.81 and 0.79,
respectively).
Predicted vs. measured relative yields are plotted in
Figure 2. The squared error between predicted and measured
yield was 0.54. This means that 54 % of the variations in
measured yields aire described by the model. The remaining
46 % may be attributed to different factors, such as errors
in input data, soil-water stresses not adequately
characterized by DRAINMOD, solar radiation, temperature,
etc.
At the experimental site in northeastern Iowa, the
relative yield during the growing seasons of 1980 to 1983
was affected by planting delays (Table 6). Long-term
studies indicate that on the average, corn yields in Iowa
start to decline when corn is planted after May 15. Benson
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and Thompson (1974) found that with delayed planting, the
length of time from tasseling to silking becomes longer.
This delay in silking resulted in more sterile plants and
higher grain moisture content. Benson and Thompson (1974)
also noted that late silking is of greatest concern in
years of short moisture supply. The reason is that the
critical silking stage will more likely coincide with a
period of greater moisture stress.
Stresses caused by deficient and excessive soil water
affected the yields in several years. Monthly volumes of
various hydrologic parameters for 1980 to 1988 also are
given in tables D-1 to D-10 in Appendix D. These tables
indicate that the model dj.d an excellently job in
simulating the hydrologic. systems for two Iowa soils.
The number of dry days (days during which ET is
limited) can be a good irsdicator of the effects of drought
stresses on crop yield. The model predicted the number of
dry days to be 22, 34. and 41 for 1984, 1985, and 1988,
respectively. Although 1985 and 1988 have almost the same
rainfall during the growing season, the rainfall
distribution in 1988 caused critical drought.
In 1985, corn was severely affected by moisture
deficiency early in the season. There were 24 dry days in
May. These dry conditions may have produced shallow root
development, causing nutrient stresses. Nutrient stress is
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expected to happen during a drought because the upper part
of the soil profile, where the fertilizer has been placed, ^
is dry and out of the active root extraction zone. i
The yield response in DRAINMOD to soil-water deficiency
does not take into account the reduction in yield caused by
a shortage in soil-water from planting to emergence. As a
consequence, the relative yield predicted by DRAINMOD will ;
be higher, as was the case for the 198 5 growing season. •
DRAINMOD predictions for 1988 show the drastic effect . '
of soil-water deficiency on corn yield. Corn was under 5
stress during the period of tasseling, silking, and
pollination, which are considered the most critical stages
in corn development. Such stresses delay silking and
increase the time required for pollination. The result is
that, sometimes, all the pollen may be shed before the silk
emerges.
Figures 3 to 5 show the SEW^g for 1983, 1984, and 1987, -
respectively. Predicted yields during these 3 years were
significantly different from the measured yields. Excess
soil-water during 1983, 1984, and 1987 occurred mostly
early in the season. Mukhtar et al. (1988) found that corn
yields were affected most when excess soil-water was
present in the early growing stages. Excess moisture in
the early vegetative stages may retard root development and
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create aeration-nutrition problems, making the plants more
susceptible to drought stresses at later stages.
87
Table 1. Average crop yields at the experimental sites in
central and northeastern Iowa.
Corn vields. KR/ha
Year Planting Harvesting Central Northeastern
date date Iowa Iowa
1980 May 23 Oct. 23 8442.00
1981 May 18 Oct. 03 8319.80
1982 Jun 02 Nov. 08 9176.00
1983 May 26 Oct. 19 4886.70
1984 May 12 Oct. 15 9563.00^
1984 May 14 Oct. 02 8300.00
1985 May 02 Oct. 21 7400.00
1986 May 07 Oct. 21 10700.00°
1987 May 01 Oct. 06 7400.00
1988 May 05 Oct. 06 4200.00
^Potential yield for northeastern Iowa
^Potential yield for central Iowa.
Table 2. Effective rooting depth as a function of time
Month Days Root depth, (cm)
1 1 5.00
5 1 6.00
6 1 15.00
6 21 30.00
7 2 45.00
7 17 60.00
9 15 60.00
10 15 60.00
12 31 5.00
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Table 3. Normalized crop susceptibility factors for corn
for excessive soil-water conditions (Evans and
Skaggs, 1984)
Growth stage
Establishment
Early vegetative
Late vegetative
Flowering
Yield formation
Days after
planting
18
36
56
76
100
Normalized mean
susceptibility
factors
0.16
0.18
0.30
0.21
0.06
Table 4. Crop susceptibility factors used to evaluate
deficient soil-water conditions on com yield
Periods are five-day intervals relative to
silking (Shaw, 1974)
Period Weighing factor Period Weighing factor
8 before silking 0.50 1 after silking
2.00
1.30
7 H II 0.50 2 " "
6 11 l» 1.00 3 "
1.30
5 H tl 1.00
4 " 1.30
4
ri M 1.00 5 1.30
3 II M 1.00 6 " " 1.30
2 M tl 1.75
y M n 1.20
1
II If 2.00
a fi M
^ It '1
1.00
0.50
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Table 5. Crop response to delayed planting date
Last day to plant without
yield reduction May 15
Breakpoint past which the
yield decreases at a faster rate May 20
Slope before breakpoint 0.00178
Slope after breakpoint 0.00523
Table 6. Observed and predicted relative yields data
at the experimental sites
YEAR Yrw^
%
Yrd'
%
Yrp°
%
Yr<
%
Yo®
%
RAIN
cm
ET
cm
1980^ 90. 0 100, 0 98.1 88. 3 86. 3 76. 71 63. 32
1981^ 90. 0 100. 0 99.6 89. 7 87. 0 74. 73 59. 95
1982^ 90. 0 100. 0 92.0 63. 6 95. 5 74. 96 56. 10
1983^ 82. 9 100. 0 95.4 79. 1 50. 6 92. 18 62. 51
1984^ 90. 0 100. 0 100.0 90. 0 100. 0 60. 76 59. 02
1984® 81. 9 78. 3 100.0 64. 1 77 . 6 64. 65 51. 25
1985® 90. 0 94. 7 100.0 85. 2 69. 2 45. 64 53 . 01
1986® 90. 0 100. 0 100.0 90. 0 100. 0 76. 71 63. 32
1987® 86. 6 100. 0 100.0 86. 6 77. 6 70. 79 59. 98
1988® 90, 0 56. 0 100.0 50. 4 39. 4 46. 56 53. 40
Average 88. 1 92. 9 98.6 80. 7 78. 5 68. 37 58. 20
, Relative yield to excess soil-water.
Relative yield to drought stress.
^ Relative yield to plating delays.
Predicted relative yield.
® Measured relative yield*
Relative yield on northeastern Iowa site.
® Relative yield on central Iowa site.
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OVERALL SUMMARY
(1) DRAINMOD, a water management simulation model was
evaluated by comparing predicted and measiired water
table depths and tile flow rates on a Nicollet
silt-loam soil in central Iowa and water table depths
on Kenyon loam soil in northeastern Iowa. Predicted
water table depths and tile flow rates were in close
agreement with the measured values.
(2) The average deviation and standard error for the
comparison of predicted and measured water table depths
show that the hydrology component of DRAINMOD has the
capability of simulating the water balance for Iowa
soils.
(3) The summary of predicted and measured tile flow rates
and water table depths (Tables 8, 9, 10, Section I)
suggests that the model can be used successfully for
other soil systems if data on site characteristics and
soil water properties are available.
(4) The yield version of DRAINMOD was evaluated by
comparing predicted and measured relative yields in
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central and northeastern Iowa. Predicted com yields
were in close agreement with the meas\ired values.
(5) The accuracy between the observed and predicted
relative yields was excellent, with a standard error of
13.42 and an average deviation of 11.26. The squared
value between the predicted and measured yields was
0.54 for the 10-year period.
(6) The summary of predicted and measured relative crop
yields is given in Table 6, Section II. These results,
along with those of Sanoja et al. (1988), suggest that
DRAINMOD can be used successfully for evaluating the
adequacy of a given system design.
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APPENDIX A:
PROGRAM TO CALCULATE UPWARD FLUX
105
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c C
c UPFLUX VS WATERTABLE DEPTH C
C C
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c c
C A PROGRAM TO CALCULATE THE WATER TABLE DEPTH (Z) CORRESPON-C
C DING TO A MAXIMUM POTENTIAL STEADY STATE UPWARD FLUX RATE. C
C THE SOIL MAY HAVE UP TO 10 LAYERS. C
C THE EQtJATION USED IS A TRAPEZOIDAL APPROXIMATION OF THE C
C INTEGRAL FORM OF THE DARCY-BUCKINGHAM EQUATION: C
C C
C Z= SUM(0.5*(S(I)-S(I-1))♦( 1/(Q/K(I)+1) +(1/(Q/(K(I-1)+1)) C
C C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
c c
DIMENSION S(5.100), DPTH(5).NNOD(5)
REAL K(5.100), KB, KT, XMAL
C INPUT SOIL DATA.
READd,*) NLAYR
WRITE(6.#) NLAYR
DO 10 LAYR= 1, NLAYR
READd,#) NNOD(LAYR), DPTH(LAYR)
WRITE(6,301) LAYR, DPTH(LAYR)
NND= NNOD(LAYR)
DO 10 NOD= 1, NND
READd,#) S(LAYR.NOD). K(LAYR.NOD)
WRITE(6,302) S(LAYR.NOD). K(LAYR,NOD)
10 CONTINUE
C ENTER SURFACE TENSION
READ(1,«) SINIT
'rfRITE(*,*) SINIT
C ENTER AN UPFLUX VALUE AND BEGIN CALCULATIONS
15 READ(1,*.END=99) UPFLX
WRITE(*,#)UPFLX
ZMAX= 0.0
LAYR= 1
NOD=NNCD(LAYR)
C DETERMINATE CONDUCTIVITY AND NEXT LOWER ARRAY ELEMENT
C CORRESPONDING TO THE SURFACE TENSION.
IF (SINIT. GE.Sd, NOD) ) SINIT=S d, NOD)
DO 30 N= 1, NOD
NN = N
IF(SINIT.LE.Sd.N) ) GO TO 32
30 CONTINUE
32 ST=SINIT
N0D=NN-1
KT=(ST-Sd,NN-l) )/(Sd.NN)-Sd,NN-l) ) ♦ (Kd,NN)-Kd,NN-1) ) +
$Kd,NN-l)
C GO TO THE NEXT INCREMENT
106
35 SB=S(LAYR.NOD)
KB=K(LAYR.NOD)
<»5 DZ=(ST-SB)*0.5*{1/(UPFLX/KT+1)+1/(UPFLX/KB+1) )
IF((DZ+ZMAX).GT.DPTH(LAYR)) GO TO 54
C THE WATER TABLE IS NOT REACHED UNTIL H=0: I.E. WHEN NOD = 1
ZMAX= ZMAX+DZ
IF(ZMAX.GT.DPTH(NLAyR)) GO TO 92
IF(NOD.EQ. DGO TO 50
KT » KB
ST = SB
NOD » NOD-1
GO TO 35
50 WRITE{6.303) UPFLX, SINIT, ZMAX
C END OF THE CALCULATIONS FOR ONE UPFLUX, GO TO NEXT UPFLUX
GO TO 15
C FIND TENSION AND CONDUCTIVITY AT THE BOTTOM OF THE LAYER
54 FLAGG=2
FRAC=0.5
ZTOL=0.1
55 SB=S(LAYR,N0D+1)-FRAC#(S(LAYR.N0D+1)-S(LAYR,N0D) )
KB=K(LAYR,N0D+1)-FRAC*(K(LAYR,N0D+1)-K(LAYR,N0D) )
DZ=(ST-SB)»0.5*(1/(UPFLX/KT+1)+1/(UPFLX/KB+1))
IF(ABS(ZMAX+DZ-DPTH(LAYR)).LT.ZTOL) GO TO 65
IF((ZMAX+DZ-DPTH(LAYR)).GT.ZTOL) XMAL=1.0
IF((ZMAX+DZ-DPTH(LAYR)).LE.ZTOL) XMAL=-1.0
FLAGG=FLAGG*2
IF(FLAGG.GT.5500) GO TO 91
FRAC= FRAC-XMAL/FLAGG
GO TO 55
C BOTOOM OF THE LAYER HAS BEEN FOUND, GO TO NEXT LAYER AND
C FIND CONDUCTIVITY FOR TENSION EQUAL TO BOTTON OF THE LAST
P T DVyT?
65 ZMAX=ZMAX+DZ
IF(ZMAX.GT.DPTH(NLAYR)) GO TO 92
IF(LAYR.GE.NLAYR) GO TO 92
LAYR=LAYR+1
ST=SB
NND=NNOD(LAYR)
DO 70 11=1,NND
NN=II
IF(ST.LE.S(LAYR,II)) GO TO 75
70 CONTINUE
ST=S(LAYR.NND)
WRITE(6,903) UPFLX,LAYR.ST,S(LAYR.NODE)
75 NOD = NN-1
KT=(ST-S(LAYR,NN-1) ) / (S (LAYR.NN)-S (LAYR,NN-1) )
KT=KT*(K(LAYR,NN)-K(LAYR,NN-1))+K(LAYR,NN-1)
GO TO 35
91 WRITE(6,901) UPFLX,LAYR
STOP
107
92 WRITE(6.902) UPFLXtLAYR
GO TO 15
101 F0RMAT(I2)
102 FORMAT(I3,7X.F10.5)
103 FORMRT(F10.5,F11.8)
10<fc FORMAT(FIO.5)
301 FORMAT(//, IX,'LAYER *.13,* GOES DOWN TO '»F6.0,'CM. '
$1X,'AND HAS THE TENSION CONDUCTIVITY VALUES:*,//»
$1X, • TENSION-CM CONDUCTIVITY-CM/HR' )
302 F0RMAT(F8.2,4X.ElO.k)
303 F0RMAT(//,1X,'FOR UPFLUX OF',F8.4,'CM/HR AND SURFACE',
$1X,'TENSION =',F6.0,'CM',/,'MAXIMUM STEADY WATERTABLE',
$1X,'DEPTH =',F7.2.'CM*)
901 F0RMAT(//,1X,'FOR UPFLUX=FIO.5,'PROGRAM CANNOT FIND THE',
$1X,'TENSION AND CONDUCTIVITY AT THE BOTTOM LAYER',13)
902 FORMATdX, 'FOR UPFLUX=' .FIO.5, 'WATER TABLE IS BELOW BOTTOM' ,
OF THE LAYER'.13,'GO TO NEXT UPFLUX')
903 F0RMAT(//.1X.'FOR UPFLUX=',FIO.5TENSION AT THE TOP',
S' LAYER=',12.'IS',F10,5,/.'THIS IS REDUCED TO ',F10.5)
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
C C
c 3TERM DEFINITI0NS3
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc
c C
C ST'TENSION AT THE UPPER END OF INCREMENT C
C SB=TENSION AT THE LOWER END OF INCREMENT C
C KT=TENSION AT THE UPPER END OF INCREMENT C
C KB=TENSION AT THE LOWER END OF INCREMENT C
C S(I.J)=TENSION ARRAY INPUT AS +CM. C
C K(I.J)=CONDUCTIVITY ARRAY INPUT AS +CM/HR C
C SINIT'SURFACE TENSION INPUT AS +CM C
C UPFLUX=UPFLUX=UPWARD FLUX VALUE INPUT AS +CM/HR C
C LAYR=LAYER NUBER:1 IS THE TOPMOST LAYER C
C NCD=NODE NUMBER:! IS FOR ZERO TENSION C
C DZ=CHANGE IN DEPTH ACROSS INCREMEtrT C
C ZMAX=DEPTH OF THE WATERTABLE FROM THE SURFACE CORRESPONDING C
C TO 'UPFLUX' VALUE (OUTPUT AS CM. C
C FLAGG=MULTIPLIER USED IN FINDING TENSION AND CONDUCTIVITY C
C AT THE BOTTOM OF EACH LAYER. C
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
99 STOP
END
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APPENDIX B:
PROGRAM TO PREDICT UNSATURATED HYDRAULIC
CONDUCTIVITY BY M. AND Q. METHOD
10 9 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c c 
C COMPUTER PROGRAM FOR CALCULATING lUNSATURATED HYDRAULIC C 
C CONDUCTIVITIESl USING THE METHODS OF MILLINGTON AND C 
C QUIRK C 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
DIMENSION HL(1000), CON(lOOO) 
DIMENSION COND(1000), HH(1000), TH(lOOO ) , HEAD(lOOO ) 
READCl,*) NUM, CONS 
READCl,*) CTHCI),HL(I),I=l,NUM) 
DO 799 I = 1 , NUM 
HHCI) = -HL(I) 
799 CONTINUE 
QUIRK = 270.0 
EXPONT=l.3333 
I=l 
Xl=lOOO.O*TH(l)+0.1 
X2=1000.0*THCNUM)+0.1 
Nl = Xl 
N2 = X2 
HEADCN2)=HHCNUM ) 
N2M=N2-1 
DO 20 J=Nl,N2M 
AJ=J 
GO TO 15 
10 I=I+l 
15 ATH=lOOO.O*THCI) 
ATHl=lOOO.O*THCI+l ) 
IFCAJ.GE.ATHl) GO TO 10 
ITH=ATH 
ITHl=ATHl 
HEAD(J )=HH (I)+( AJ-ATH )*(HH(I+l)-HH(I)) / (ATHl -ATH ) 
20 CONTINUE 
25 NUM=(N2-Nl) / 10 
CLASN=NUM 
K=N2-Nl-10*NUM 
Nll=Nl+K 
DO 30 I=Nll,N2,10 
L=CI-Nll) / 10+1 
XX=! 
TH ( L ) =X.X/ 1000. 
HH(L)=HEADCI) 
30 CONTINUE 
C NOW HAVE INCREMENTS AT INTERVALS OF WATER CONTENT OF 0.1. 
NUM=NUM+l 
DO i.o I= 2 , NUM 
XI=! 
SUM=O.O 
DO 35 J=2 , I 
XJ=J 
110
35 SUM=SUM+(2.0*(XI-XJ)+1)/((HH(J)+HH(J-1))**2/4.0)
40 CON( I )=QUIRK*TH( I) *»EXP0NT*STJM/CLASN**2
C0N(1)=C0N(2)
DO 5 I = 1. NUM
COND(!)=»( CON( I) /CON(NUM) ) ♦CONS
5 CONTINUE
WRITE(6.3000)
WRITE(6,70)(HH(I).TH(I),COND(I),I»1.NUM)
70 FORMAT(5X,F11.4,5X,F11.5.5X.F11.8)
2000 FORMATCl UNSATURATE HYDRAULIC CONDUCTIVITY')
3000 FORMAT(/5X. 'HEAD' .15X. 'THETA* .lOX. 'COND-CM/HR* )
STOP
END
Ill
APPENDIX C:
CUMULATIVE INFILTRATION AND INFILTRATION RATE
AT THE EXPERIMENTAL SITES
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APPENDIX D:
MONTHLY PARAMETER OUTPUTS
Table D-1.
121
Monthly parameters output for 1984 for central
Iowa
MONTH RAIN INFIL ET DRAIN RUNOFF DRY DAYS SEW
cm cm cm cm cm day cm
4 15.88 13.37 2 .33 6.28 1.91 .00 .00
5 11.10 10.94 6 .24 6.39 .75 .00 60. 62
6 16.00 13.22 11 .28 5.58 2.79 .00 144.69
7 6.22 6.22 13 .09 .03 .00 .00 .00
8 .18 .18 3 . 70 .00 .00 13.00 .00
9 9.65 9.65 6 .34 .00 .00 9.00 .00
10 10.62 10.62 3 .22 .00 ,00 .00 .00
TOTALS 69.65 64.20 51 .25 18.28 5.45 22.00 204.92
Table D-2. Monthly parameter outputs for 1985 for
central Iowa
MONTH RAIN INFIL ET DRAIN RUNOFF DRY DAYS SEW
cm cm cm cm cm day cm
4 3.02 3.02 4.51 .00 .00 .00 .00
5 2.44 2.44 5.91 .00 .00 24.00 .00
6 a. 10 8.10 10.37 .00 .00 .00 .00
7 3.48 3.48 13.20 .00 .00 .00 .00
8 11.66 11.66 9.19 .00 .00 10.00 .00
9 8.66 8.66 6.94 .00 .00 .00 .00
10 8.28 8.28 2.89 .00 .00 .00 .00
TOTALS 45.64 45.64 53.01
o
o
o
o
34.00
o
o
Table D-3.
isa
Monthly parameter outputs for 1986 for
central Iowa •
MONTH RAIN INFIL ET DRAIN RUNOFF DRY DAYS SEW
cm cm cm cm cm day cm
4 9.83 9.83 4.12 5.06 .00 .00 .00
5 11.84 11.84 6.84 6.14 .00 .00 109.59
6 14.83 14.83 12.33 .45 .00 .00 .00
7 12.55 12.55 14.89 2.37 .00 .00 .00
8 5.59 5.59 9.75 .00 .00 .00 .00
9 15.90 15.90 7.86 .98 .00 .00 .00
10 11.33 11.11 2.82 7.22 .22 .00 .00
TOTALS 83.39 83.17 58.61 22.22 .22 .00 109.59
Table D-4. Monthly parameter outputs for 1987 for
central Iowa •
MONTH RAIN INFIL ET DRAIN RUNOFF DRY DAYS SEW
cm cm cm cm cm day cm
4 5.51 5.51 4.00 3.79 .00 .00 .00
5 9.19 9.19 7.01 .31 .00 14.00 .00
6 7.70 7 . 70 13.39 .51 .00 .00 .00
7 12.14 12.14 14.65 .43 .00 .00 .00
a 29.46 24.76 10.76 3.98 4.70 .00 8 6.60
9 5.26 5.26 7.15 1.15 .00 .00 .00
10 .00 .00 3.02 .00 .00 .00 .00
TOTALS 69.26 63.87 59. 98 10.17 4.70 14.00 86.60
1S3
Table D-5. Monthly parameter outputs for 1988 for
central Iowa •
MONTH RAIN
cm
INFIL
cm
ET
cm
DRAIN
cm
RUNOFF
cm
DRY DAYS
day
SEW
cm
4 4.37 4.37 3.18 1.67 ,00 .00
.00
5 4.44 4.44 8.53 .02 .00 12.00
.00
6 5.31 5.31 12.64 .00 .00 7.00
,00
7 8.61 8.61 14.71 .00 .00 1.00 .00
8 15.42 13.69 4.17 .00 1.73 21.00
.00
9 7.95 7.95 7.81 .00 .00 .00
.00
10 .46 .46 2.36 ,00 .00
,00 .00
TOTALS 46.56
CO
CJ
53.40 1.69 1.73 41.00 .00
Table D-6. Monthly parameter outputs for 1980 for
northeastern Iowa
MONTH RAIN
cm
INFIL
cm
ET
cm
DRAIN
cm
RUNOFF
cm
DRY DAYS
day
SEW
cm
4 3.73 3.73 3.87 2.91 .00 .00 .00
5 10.28 9.90 3.40 0.08 .38 .00 .00
6 13.36 11.65 11. .59 1.71 .00 .00
7 3.59 3.59 10.29 . 10 .00 .00 .00
a 32.04 24.17 12.60 3.23 7.87 .00 .00
9 9.04 9.04 3.18 1.86 .00 .00 .00
10 4.64 4.64 2.81 1.17 .00 .00 .00
TOTALS 76.68 66.72 57,63 9,94 9,58 .00 .00
Table D-7.
12^
Monthly parameter outputs for 1981 for
•northeastern Iowa->
MONTH RAIN
cm
INFIL
cm
ET
cm
DRAIN
cm
RUNOFF
cm
DRY DAYS
day
SEW
cm
4 17.12 17.12 5.07 6.06 .00 .00
.00
5 7.34 7.34 6.85 4.60 .00 .00 .00
6 15.80 5.80 12.49 2.97 .00 .00 .00
7 10.49 10.49 14.16 .31 .00 .00 .00
8 14.99 14.99 11.05 .71 .00 .00 .00
9 4.67 4.67 7.47 .18 .00 .00 .00
10 4.32 4.32 2.86 .01 .00 .00 .00
TOTALS 74.73 74.73 59.95 14.84
o
o
.00 .00
Table D-8. Monthly parameter outputs for 1982 for
northeastern Iowa
MONTH RAIN INFIL ET DRAIN RUNOFF DRY DAYS SE^tf
cm cm cm cm cm day cm
4 8.00 8.00 2.69 2.90 .00 .00 .00
5 13.49 18.49 8.04 6.89 .00 .00 4.46
6 10.92 10.92 9.31 5.13 .00 .00 .00
7 10.24 10.24 14.09 .49 .00 .00 .00
9 9.96 9.96 11.44 .00 .00 .00 .00
9 7 .87 7.87 7.05 .00 .00 .00 .00
10 9.47 9.47 3.47 .61 .00 .00 .00
TOTALS 74.96 74.96 56.10 16.07
o
o
•
.00 4.46
las
Table D-9. Monthly parameter outputs for 1983 for
northeastern Iowa .
MONTH
k
5
6
7
8
9
10
RAIN
cm
9.93
28.09
11.94
8.38
8.86
15.54
8.33
INFIL
cm
9.93
21.85
11.94
8.38
8 .86
11.03
8.33
ET DRAIN RUNOFF DRY DAYS SEW
cm cm cm day cm
1.94
5.33
12.02
15.25
15.09
7.96
3.17
5.67
12.08
3.15
1.77
.00
.00
.00
.00
6.24
.00
.00
.00
4.52
.00
.00
.00
.00
.00
.00
.00
.00
.00
142.00
.00
.00
.00
.00
.00
TOTALS 91,08 80.33 60.76 22.67 10.76 .00 142.00
Table D-10. Monthly parameter outputs for 1984 for
northeastern Iowa
MONTH RAIN
cm
INFIL
cm
ET
cm
DRAIN
cm
RUNOFF
cm
DRY DAYS
day
SEW
cm
4 10.64 10.64 2 .55 2.16 .00 .00
.00
5 9.68 9.68 6 . 52 4.95 .00
.00 .00
6 9.68 9.68 12 .65 1.96 .00 .00
.00
7 6.20 6.20 13 .34 .00 .00 .00 .00
8 3.23 3.23 12 .94 .00 .00 .00
.00
9 6.76 6.76 7 .49 .00 .00 .00
.00
10 14.58 14.47 3 .53 .00 .00 .00 .00
TOTALS 60.76 60.76 59 .02 9.07 .00 .00
.00
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APPENDIX E:
INPUT OUTPUT DATA AT THE EXPERIMENTAL SITE
IN CENTRAL IOWA
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*#*#♦#*♦**«********♦»****«*♦**♦****♦*♦**♦************************************
DRAINMOD
VERSION: NORTH CAROLINA MICRO 4.00
LAST UPDATE: FEB 1989
LANGUAGE: MS FORTRAN v 4.01
DRAINMOD IS A FIELD-SCALE HYDROLOGIC MODEL DEVELOPED FOR
THE DESIGN OF SUBSURFACE DRAINAGE SYSTEMS. THE MODEL WAS
DEVELOPED BY RESEARCHERS AT THE DEPT. OF BIOLOGICAL AND
AGRICULTURAL ENGINEERING, NORTH CAROLINA STATE UNIVERSITY
UNDER THE DIRECTION OF R. W. SKAGGS.
******♦*«***♦****♦♦***»****♦****♦♦****♦*♦♦*♦♦♦♦*****♦*♦**♦*******'************
♦DRAINMOD*
DATA READ FROM INPUT FILE: C:\DM40\INPUT40\YAMES384.LIS
TITLE OF RUN
/OPiCSHOP, AMES FIELD 5 DATA.
;tJMMER 1987, BY JOSE SANOJA.
CLIMATE INPUTS
DESCRIPTION (VARIABLE) VALUE UNIT
'ILE FOR RAINDATA C:\DM40\WEATHER\RAIN88.RAI
riLE FOR TEMPERATURE/PET DATA .. C:\DM40\WEATHER\TEMP88.TEM
RAINFALL STATION NUMBER (RAINID) 200
[•EMPERATURE/PET STATION NUMBER (TEMPID) 200
STARTING YEAR OF SIMULATION (START YEAR) 1988 YEAR
STARTING MONTH OF SIMULATION (START MONTH) 1 MONTH
ENDING YEAR OF SIMULATION (END YEAR) 1988 YEAR
:NDING MONTH OF SIMULATION (END MONTH) 12 MONTH
rEMPERATURE STATION LATITUDE (TEMP LAT) 42. 2 DEG.MIN
iEAT INDEX (HID) 7 5.00
128
T MULTIPLICATION FACTOR FOR EACH MONTH
.00 .00 .00 X.OO 1.00 1.00 1.00 1.00 1.00 1.00
DRAINAGE SYSTEM DESIGN
*** CONVENTIONAL DRAINAGE ♦**
JOB TITLE;
WORKSHOP, AMES FIELD 5 DATA.
SUMMER 1987, BY JOSE SANOJA.
.00
STMAX = 1.25 CM SOIL SURFACE
_/).
00
/).
ADEPTH «390. CM DDRAIN =120. CM
0
\
EFFRAD = .50 CM
•SDRAIN = 3 658. CM
HDRAIN =139. CM
IMPERMEABLE LAYER
DEPTH
(CM)
SATURATED HYDRAULIC CONDUCTIVITY
(CM/HR)
.0 - 120.0 .870
DEPTH TO DRAIN = 120.0 CM
EFFECTIVE DEPTH FROM DRAIN TO IMPERMEABLE LAYER = 139.0 CM
DISTANCE BETWEEN DRAINS = 3658.0 CM
MAXIMUM DEPTH OF SURFACE PONDING = 1.25 CM
EFFECTIVE DEPTH TO IMPERMEABLE LAYER = 259.0 CM
DRAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET) = 2.50 CM/DAY
129
3TUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER = 390.0 CM
JRFACE STORAGE THAT MUST BE FILLED BEFORE WATER
CAN MOVE TO DRAIN = .25 CM
iCTOR -G- IN KIRiOIAM EQ. 2-17 =12.58
«** SEEPAGE LOSS INPUTS ***
No seepage due to field slope
No seepage due to vertical deep seepage
No seepage due to lateral deep seepage
*** end of seepage inputs **♦
IDTH OF DITCH BOTTOM = . 5 CM
IDE SLOPE OF DITCH (HORIZrVERT) =
NITIAL WATER TABLE DEPTH = .0 CM
DEPTH OF WEIR FROM THE SURFACE
.10 : 1.00
ATE
EIR DEPTH
ATE
EIR DEPTH
1/ 1
120.0
7/ 1
120.0
2/ 1
120.0
8/ 1
120.0
3/ 1
120.0
9/ 1
120.0
4/ 1
120.0
10/ 1
120.0
5/ 1
120.0
11/ 1
120.0
SOIL INPUTS
TABLE 1
DRAINAGE TABLE
6/ 1
120.0
12/ 1
120.0
o > WAT
ER
TAB
LEDEP
TH
(CM
)
(CM
)
.0.0
1.
0
52
,1
2.
0
85
.9
3.
0
113
.2
4.
0
141
.3
5.
0
143
.1
6.
0
144
.9
7.
0
146
.7
8.
0
14
8.
5
9.
0
150
.2
10
.015
1.
6
11
.0
153
.0
12
.0
15
4.
4
130
13.0 155.8
14.0 157.1
15.0 158. 5
16.0 159.9
17.0 161.2
18.0 162.4
19.0 163.7
20.0 164.9
21.0 166.2
22.0 167.4
23.0 168.7
24.0 169.9
25.0 171.2
26.0 172.4
27.0 173.7
28.0 174.9
29.0 176.2
30.0 177.4
35.0 566.7
40.0 600.0
45.0 633.3
50.0 666.7
60.0 733.3
70.0 800.0
80.0 866.7
90.0 933.3
TABLE 2
SOIL WATER CHARACTERISTIC VS VOID VOLUME VS UPFLUX
HEAD WATER CONTENT VOID VOLUME UPFLUX
(CM) (CM/CM) (CM) (CM/HR)
.0 .4800 ,00 3.0000
10.0 .3700 .09 1.5007
20.0 .3550 . 17 .0015
30.0 .3400 .42 .0009
40.0 .3350 .66 .0003
50.0 .3300 .94 .0002
60.0 .3233 1.22 .0001
70.0 .3167 1.50 .0001
80.0 .3100 1.78 .0001
90.0 . 3000 2.15 .0001
100.0 . 2900 2. 52 .0001
110.0 .2891 2.88 .0001
120.0 .2882 3.25 .0001
130.0 .2873 3.25 ,0001
140.0 .2864 3.25 .0001
150.0 .2856 8.83 .0001
160.0 .2847 16.07 .0001
170.0 . 2838 24.07 .0001
180,0 .2829 32.07 ,0001
190.0 .2820 31.85 .0001
200.0 .2811 31.63 .0001
210.0 .2802 31.41 .0001
220.0
230.0
2<b0.0
250,0
260.0
270.0
280.0
290.0
300.0
350.0
400.0
(fcSO.O
500.0
600.0
700.0
800.0
900.0
.2793
.2784
.2776
• 2767
.2758
.2749
.2740
.2731
.2722
.2689
.2667
.2644
. 2622
.2578
.2533
.2489
.2444
131
31.19
30.97
30.74
30.52
30.30
30.08
29.86
29.64
29.42
28.31
27.21
26.10
25.00
40.00
55.00
70.00
85.00
GREEN AMPT INFILTRATION PARAMETERS
W.T.D.
(CM)
.000
10.000
50.000
100.000
150.000
190,000
325.000
500.000
1000.000
A
(CM)
.000
3.230
4.630
5.260
5.500
5.730
5.840
25.000
50.000
B
(CM)
.870
.870
.870
.870
.870
.870
.870
.370
.870
TRAFFICABILITY
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
REQUIREMENTS
-MINIMUM AIR VOLUME IN SOIL (CM):
-MAXIMUM ALLOWABLE DAILY RAINFALLfCM):
-MINIMUM TIME AFTER RAIN BEFORE TILLING CAN CONTINUE:
FIRST
PERIOD
.70
1.20
2.00
WORKING TIMES
-DATE TO BEGIN COUNTING WORK DAYS:
-DATE TO STOP COUNTING WORK DAYS:
-FIRST WORK HOUR OF THE DAY;
-LAST WORK HOUR OF THE DAY:
5/ 1
6/ 1
8
20
SECOrTD
PERIOD
1.00
1.20
2.00
9/15
10/30
8
18
132
CROP
OIL MOISTURE AT CROP WILTING POINT =
IGH WATER STRESS:
.17
BEGIN STRESS PERIOD ON 5/ 5
END STRESS PERIOD ON 10/ 6
CROP IS IN STRESS WHEN WATER TABLE IS ABOVE
ROUGHT STRESS: BEGIN STRESS PERIOD ON 5/ 5
END STRESS PERIOD ON 10/ 6
MO DAY ROOTING ]
1 1 ik.O
5 1 6.0
6 1 15.0
6 21 30.0
7 2 <k5.0
7 17 60.0
9 15 60.0
10 15 60.0
12 31 4.0
WASTEWATER IRRIGATION
NO WASTEWATER IRRIGATION SCHEDULED:
YIELD INPUTS
last planting day without yield loss (JLAST
length of growing season (IGROW)
l3t planting day reduction factor (PDRF)
days using 1st planting delay fact (DELAYl)
2nd planting day reduction factor (PDRF2)
total days of work before planting (REQWRK)
lOW; 23
lOH: 5
SI ; O.OOOOOOE+00
D : O.OOOOOOE+00
E : O.OOOOOOE+00
FO : O.OOOOOOE+00
YI : O.OOOOOOE+00
SF : 1.500000
YRMAX : O.OOOOOOE+00
YSLOPE: 1.220000
135
151
730000E-01
5.000000
230000E-01
4.000000
30.0 CM
fHDMAX
)SLOPE
90.000000
3.600000E-01
133
3D ; 125
[GR: 5
3DF: 0
EPS(I) ,IPE(I).CSD(I).I» l.IOH
20 39 . 1600
40 59 .1800
60 79 .3800
80 119 .2100
120 151 .0600
CSKI) ,1 =1.low
.0000 • 0000 .0000
.0000 5000 .5000
1.0000 1. 0000 1.7500
1.3000 1. 3000 1.3000
1.2000 1. 0000 .5000
.0000
1,0000
2.0000
1.3000
.0000
1.0000
2.0000
1.3000
*♦♦♦**♦♦♦*#♦*♦**♦***♦*******♦end of inputs »***♦♦♦♦***♦♦**»****»*»*******
RXnj STATISTICS time: 7/27/1989 (§ 10:^^0
nput file: C:\DM40\INPUT40\YAMES884.LIS
arameters: free drainage and yields calculated
drain spacing = 3658. cm drain depth = 120.0 cm
RKSHGP, AMES FIELD 5 DATA.
MMER 1987, BY JOSE SANOJA,
I3h
•«****♦*
RUN STATISTICS time: 7/37/1989 3 10:^0
nput file: C:\Dli^tO\INPUT^ONYAMESB83 . LIS
arameters: free drainage and yields calculated
drain spacing — 3658. c/n drain depth = 120.0 c/n
1988
DAY RAIN INFIL ET DRAIN TVOL DD2 DTWT STQR
RUNOFF
1 .00 .00 -05 .00 3.30 . 16 130.0£f .00
.00
2 1 .96 1 .96 ,09 .07 1 -51 .00 70.£*1 .00
.00
3 .05 .05 .06 .17 1 .69 .00 76.68
.00 .00
.00 .00 . 17 . 15 2.01 .55 82.08 .00
.00
5 .00 .00 .26 .13 2.39 1 .38 86. £^6
.00 .00
6 .61 .61 . 10 .12 2.00 .00 86.03 -00
-00
7 .00 .00 - 17 .12 2.29 .5£t 89.7£^ .00 .00
a .00 .00 .2^t . 10 2.62 1 .29 93.30 .00
.00
9 .00 .00 . 18 ,09 2.89 1 .86 96.35 .00 .00
10 .03 .03 .0^ .08 2.99 1 .91 98.60 .00 .00
11 .00 -00 .07 .07 3.13 2.12 100.81 .00
.00
12 .00 .00 .11 .06 3.31 2.£t8 102.96 .00 .00
13 .00 .00 - 1-^ .06 3.50 2.93 10£t .99 .00 .00
li* .08 .08 . 10 .05 3.58 3.00 106.£^8 .00 .00
15 .00 .00 .03 .Qi* 3.65 3.09 107.85 .00 .00
16 .00 .00 .09 3.78 3.38 109.29 .00 .00
17 .00 ,00 . 16 .03 3.97 3.88 110.80 .00 .00
16 .00 .00 .03 .03 it.03 3.96 111.76 .00 .00
19 .00 .00 .Oit .03 i*. 10 £♦.08 112.68 .00 .00
20 .10 . 10 .09 .02 £♦.11 £f.02 113.3£t .00 .00
21 .00 .00 .08 .02 £♦.20 £♦.26 11£*.23 .00 .00
22 .38 .38 .03 .02 3.87 3.11 113.70 .00 .00
23 . 15 - 15 .03 .02 3.77 2.70 113.93 .00 .00
Ei* .00 .00 .08 .02 3.86 2.9£+ 1 l£t.76 .00 .00
25 .00 .00 . Itv .01 £♦.01 3.38 1 15.5£+ .00 .00
26 1 .02 : .02 . 10 .02 3.12 .£♦2 1 13. l£t .00 .00
27 .00 .00 .05 .02 3.19 ,58 113.96 .00 .00
28 .00 .00 . 11 .02 3.31 .91 1 l£+.e8 .00 .00
29 .00 -00 .15 .01 3.^7 1 .39 115.67 .00 .00
30 .00 .00 .21 .01 3.69 2.05 116.60 .00 .00
1938 5
DAY RAIN INFIL ET DRAIN TVQL DD2 DTWT STQR RUNOFF
1 .00 .00 .23 .01 3.93 2.80 117.57 .00 .00
2 .00 .00 .29 .00 £♦.22 3.72 118.67 .00 .00
3 .00 .00 .26 .00 A .UQ £♦.56 119.64 .00 .00
WLOSS
.00
.07
. 17
. 15
.13
.12
.12
. 10
.09
.08
.07
.06
.06
.05
.Oi*
.03
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RKSHOP, AMES FIELD 5 DATA.
rXJN statistics time: 7/27/1989 @lO-.iiO
nput filoi CiSDMtkQMNPOTikONYAMESaatfc.LIS , ^ j
arameters: free drainage and yields cal^lated
drain spacing = 3658. cm dram depth = 120.0 cm
)NTH
1
2
3
4
5
6
7
8
9
.0
.1
.2
RAIN
,00
.00
.00
4.37
4.44
5.31
8.61
15.42
7 .95
.46
.00
.00
MONTHLY
INFIL
,00
.00
.00
4.37
4.44
5.31
8.61
13.69
7.95
.46
.00
.00
VOLUMES
ET
.00
.00
.00
3.18
8.53
12.64
14.71
4.17
7.81
2.36
.00
.00
)TALS 46.56 44.83 53.40
IN CENTIMETERS FOR YEAR 1988
DRAIN RUNOFF DRY DAYS WRK DAYS
.00.00
.00
.00
1.40
.10
.00
.00
.00
.00
.00
.00
.00
1.50
.00
.00
.00
.00
.00
.00
.00
1.73
.00
.00
.00
.00
1.73
.00
.00
.00
12.00
7.00
1.00
21.00
.00
.00
.00
.00
41.00
.00
.00
.00
1.00
26.00
.00
.00
.00
12.60
29.00
.00
.00
68.60
SEW
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
.00
PUMP
.00
.00
.00
.00
.00
.00
.00
.00
,00
.00
.00
.00
.00
^•osO'OOT0-9S0-06'XQZ'0-OCXO'SE0"OA'
^•osO'OOT0-9S0-06T8Z*0GET0-9e0'881
TTt-i9AOAp*[Spq.qSno:cpsssox©©^epA^xep0q.ppq.qSrLoa;psseox©
(%)SaiaiASAIITISa-A^q:vue-[<2^tiExdSS3HJ.S-las
UIOO'OtT=uxeopuo"SSSC=SuToedcuxe^
p©:j.PTtioTeospx®T^©geuTe^p©ex^:sa©^©uiB^
Sn''?88SaW\fA\0^)indNI\O^JWa\JO:®IT3^ridu
0^7:01@686T/i2/i:ourr:iSOIiSIIViSKa"a
'•tflTO9ai3I^S3WV'dOHS^
0^1
1^1
APPENDIX F:
INPUT OUTPUT DATA AT THE EXPERIMENTAL SITE
IN NORTHEASTERN IOWA
********#*#***♦****♦*♦*♦****♦**»*****♦**♦»*********»»************************
DRAINMOD
VERSION: NORTH CAROLINA MICRO ^>.00
LAST UPDATE: FEB 1989
LANGUAGE; MS FORTRAN v tt.Ol
DRAINMOD IS A FIELD-SCALE HYDROLOGIC MODEL DEVELOPED FOR
THE DESIGN OF SUBSURFACE DRAINAGE SYSTEMS. THE MODEL WAS
DEVELOPED BY RESEARCHERS AT THE DEPT. OF BIOLOGICAL AND
AGRICULTURAL ENGINEERING, NORTH CAROLINA STATE UNIVERSITY
UNDER THE DIRECTION OF R. W. SKAGGS.
********
♦ DRAINMOD*
^M*****************
DATA READ FROM INPUT FILE: C;\DM40\INPUT40\YNASH803.LIS
TITLE OF RUN
WORKSHOP, NASHUA
STJMMER 1987, BY JOSE SANOJA.
CLIMATE INPUTS
DESCRIPTION (VARIABLE) VALUE UNIT
FILE FOR RAINDATA C: \DM40\WEATHER\NASm.TA. RAI
"ILE FOR TEMPERATURE/PET DATA . . C:\DM40\WEATHER\TEMP80.TEM
RAINFALL STATION NUMBER CRAINID) 100
TEMPERATURE/PET STATION NUMBER.
•^^TaRTTNG YEAR OF SIMULATION. . . .
(TEMPID) 200
(START YEAR) 1930 YEAR
STARTING MONTH OF SIMULATION.., (START MONTH) lir MONTH
ENDING YEAR OF SIMULATION (END YEAR) 1980 YEAR
ENDING MONTH OF SIMULATION ( end MONTH) 12 MONTH
TEMPERATURE STATION LATITUDE... (TEMP LAT) 42. 2 DEG.MIN
75.00
1^3
r MULTIPLICATION FACTOR FOR EACH MONTH
.00 .00 .00 1.00 1.00 1.00 1.00 1.00 1,00 1.00
JOB TITLE:
DRAINAGE SYSTEM DESIGN
♦♦*♦♦*****»***♦**♦♦***
**♦ CONVENTIONAL DRAINAGE ♦**
WORKSHOP.NASHUA
SUMMER 1987, BY JOSE SANOJA.
.00
STMAX = 1.25 CM SOIL SURFACE
/).
00
/).
ADEPTH =390. CM DDRAIN =120. CM
0
\
EFFRAD = .50 CM
SDRAIN = 2<t56. CM
HDRAIN =139. CM
IMPERMEABLE LAYER
///////////////////////////////////////////////^^^^ ' ^^ ^^^^ ^^^ ^''^ ^^ '
DEPTH
(CM)
.0
30.0
45.0
60.0
75.0
30.0
(*5.0
60.0
75.0
171.0
SATURATED HYDRAULIC CONDUCTIVITY
(CM/HR)
.350
.500
.720
.650
.ljr30
EPTH TO DRAIN = 120.0 CM ^
FFECTIVE DEPTH FROM DRAIN TO IMPERMEABLE LAYER - 139.0 CM
ISTANCE BETWEEN DRAINS = 2*^56.0 CM
AXIMUM DEPTH OF SURFACE PONDING = 1.25 CM
FFECTIVE DEPTH TO IMPERMEABLE LAYER = 259.OCM
RAINAGE COEFFICIENT(AS LIMITED BY SUBSURFACE OUTLET) = .50 CM/DAY
.CTUAL DEPTH FROM SURFACE TO IMPERMEABLE LAYER = 390.0 CM
URFACE STORAGE THAT MUST BE FILLED BEFORE WATER
CAN MOVE TO DRAIN = .25 CM
ACTOR -G- IN KIRKHAM EQ. 2-17 =13.09
SEEPAGE LOSS INPUTS ***
No seepage d"ue to field slope
No seepage due to vertical deep seepage
No seepage due to lateral deep seepage
*** end of seepage inputs **♦
?IDTH OF DITCH BOTTOM = . 5 CM
5IDE SLOPE OF DITCH (HORIZrVERT) =
INITIAL WATER TABLE DEPTH = 80.0 CM
.10 : 1.00
DEPTH OF WEIR FROM THE SURFACE
)ATE
JEIR DEPTH
3ATE
^IR DEPTH
1/ 1
120.0
7/ 1
120.0
2/ 1
120.0
8/ 1
120.0
3/ 1
120.0
9/ 1
120.0
I*/ 1
120.0
10/ 1
120.0
5/ 1
120.0
11/ 1
120.0
SOIL INPUTS
6/ 1
120.0
12/ 1
120.0
TABLE 1
DRAINAGE TABLE
VOID VOLUME WATER TABLE DEPTH
(CM) (CM)
.0 .0
1.0 44.5
2.0 58.7
3.0 71.2
4.0 83.2
5.0 94.7
6.0 105.9
l^fS
7.0 116.7
8.0 126.6
9.0 136.1
10.0 141.4
11.0 143.7
12.0 146.0
13.0 148.3
14.0 152.3
15.0 160.7
16.0 169.0
17.0 177.3
18.0 185. 1
19.0 192.5
20.0 200.0
21.0 220.0
22.0 240.0
23.0 260.0
24.0 280.0
25.0 300.0
26.0 309.3
27.0 318.7
28.0 328.0
29.0 337.3
30.0 346.7
35.0 393.3
40.0 440.0
45.0 486.7
50.0 533.3
60.0 626.7
70.0 720.0
80.0 813.3
90.0 906. 7
TABLE 2
SOIL WATER CHARACTERISTIC VS VOID VOLUME VS UPFLUX
HEAD
(CM)
.0
10.0
20.0
30.0
(kO.O
50.0
60.0
70.0
30.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
WATER CONTENT
(CM/CM)
. 4700
.4627
.4554
.4480
.4407
.4382
.4362
.4322
.4279
.4236
.4194
.4151
.4109
.4090
.4078
.4066
VOID VOLUME
(CM)
.00
.09
.17
.43
.68
1.39
2.09
90
72
59
46
38
30
8.35
9.41
13.72
UPFLUX
(CM/HR)
OOCO
5875
.1750
1125
0500
0375
.0250
.0200
0150
0125
0100
0085
0070
0060
0050
0030
1^6
CROP
)IL MOISTURE AT CROP WILTING POINT =
[GH WATER STRESS:
.Ilk
BEGIN STRESS PERIOD ON 5/23
END STRESS PERIOD ON 10/23
CROP IS IN STRESS WHEN WATER TABLE IS ABOVE
ilOUGHT STRESS: BEGIN STRESS PERIOD ON 5/23
END STRESS PERIOD ON 10/23
MO DAY ROOTING :
1 1 4.0
5 1 6.0
6 1 15.0
6 21 30.0
7 2 45.0
7 17 60.0
9 15 60.0
10 15 60.0
12 31 4.0
WASTEWATER IRRIGATION
♦*»********«*****♦♦♦♦
NO WASTEWATER IRRIGATION SCHEDULED:
YIELD INPUTS
last planting day without yield loss (JLAST)
length of growing season CIGROW)
1st planting day reduction factor (PDRF)
days using 1st planting delay fact (DELAYl)
2nd planting day reduction factor (PDRF2)
total days of work before planting (REQWRK)
30
5
O.OOOOOOE+00
O.OOOOOOE+00
O.OOOOOOE+00
O.OOOOOOE+OO
O.OOOOOOE+OO
1.500000
O.OOOOOOE+OO
ICW
I OH
SI
D
E
FO
YI
SF
YRMAX
135
150
1.780000E-01
5.000000
5.230000E-01
4.000000
30.0 CM
rSLOPE:
fRDMAX
)SLOPE:
1.220000
90.000000
600000E-01
?D : 143 •
[GR: 5
5DF; 0
CPS(I) .IPE(I),CSD(I).
0 18 .1600
19 36 .1800
37 56 .3800
57 70 .2100
71 150 .0600
::si(i) ,1=1,low
.0000
.0000
1.0000
1.3000
1.2000
.0000
l.IOH
0000
5000
0000
3000
0000
0000
147
.0000
.5000
1.7500
1.3000
.5000
.0000
.0000
1.0000
2.0000
1.3000
.0000
.0000
.0000
1.0000
2.0000
1.3000
.0000
.0000
*♦*♦**##♦**»«****»*♦**♦♦*****END OF INPUTS *♦♦*♦****♦*♦*♦*♦**************
rXJN statistics tijne: 7/27/1989 @ 10:38
nput file: C:\DM40\INPUT40\YNASH803.LIS
arameters; free drainage and yields calculated
drain spacing = 2<fc56. cm drain depth - 120.0 cm
i^a
'RKSHOP, NASHUA
RUN STATISTICS time: 7/27/1989 @ 10:38
.nput file: C:\DM40\INPUT<fc0\YNASH803.LIS
)aramet.ers: free drainage and yields calculated
drain spacing = 2456. cm drain depth - 120.0 cm
1980
DAY RAIN INFIL KT DRAIN TVOL DDZ DTWT STOR RUNOFF
WLOSS
1 .53 .53 .05 .09 3.32 .00 75.11 .00
.00 .09
2 .00 .00 .02 .10 3.44 .00 76.59 .00
.00 . 10
3 2.16 2.16 .03 .09 1.40 .00 50.26 .00
.00 .09
Ik .00 .00 .03 ,18 1.62 .00 53.30 .00
.00 . 18
5 .00 .00 .07 .17 1.86 .00 56.70 .00 .00
.17
6 .25 .25 .18 .15 1.94 .00 57.80 .00 .00
. 15
7 .28 .28 .15 .15 1.95 .00 58.04 .00 .00 .15
8 .51 .51 .10 .15 1.69 .00 54.36 .00 .00
.15
9 .00 .00 .01 .17 1.86 .00 56.79 .00 .00
. 17
10 .00 .00 .03 .16 2.05 .00 59.37 .00 .00
.16
11 .00 .00 .02 .15 2.21 .00 61.53 .00 .00
. 15
12 .00 .00 .02 .14 2.38 .00 63.54 .00 .00
.14
13 .00 .00 .02 .13 2.53 .00 65.42 .00 .00 . 13
Ik .00 .00 .02 .13 2.68 .00 67.19 .00 .00
.13
15 .00 .00 .07 .12 2.87 .00 69.54 .00 .00
i -»
16 .00 .00 .11 .11 3.09 .00 72.22 .00 .00 . 11
17 .00 .00 .16 .10 3.35 .00 75.43 .00 .00 .10
18 .00 .00 .16 .09 3.60 .00 78.53 .00 .00 .09
19 .00 .00 .24 .09 3.92 .00 82.35 .00 .00 .09
20 .00 .00 .32 .08 4.32 .00 86.85 .00 .00 .08
21 .00 .00 .36 .07 4.74 . 16 91.32 .00 .00
.07
22 .00 .00 .45 .06 5.25 .68 95.72 .00 .00 .06
23 .00 .00 .34 .05 5.64 .93 99.50 .00 .00 .05
2k .00 .00 .10 .04 5.78 .49 102.21 .00 .00 .04
25 .00 .00 .07 .03 5.89 .01 104.61 .00 .00 .03
26 .00 .00 .10 .03 6.01 .00 105.99 .00 .00 .03
27 .00 .00 . 16 .03 6.20 .00 108.04 .00 .00 .03
28 .00 .00 .13 .02 6.35 .00 109.64 .00 .00 .02
29 .00 .00 .15 .02 6.52 .00 111.50 .00 .00 .02
30 .00 .00 .20 .01 6.73 .01 113.81 .00 .00 .02
1980 5
DAY RAIN INFIL ET DRAIN TVOL DDZ DTWT STOR RUNOFF WLOSS
1 .00 .00 . 19 .01 6.94 .03 115.98 .00 .00 .01
2 .00 .00 . 28 .00 7.22 .35 118.28 .00 .00 .01
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.00
.00
,00
.00
.00
.00
.68
.00
.00
.00
.00
.00
.00
.00
.00
.00
.72
.25
.00
.00
31
38
tk2
tk6
58
65
55
35
32
02
02
01
00
00
00
00
06
,05
,04
150
6.43
6.82
7.25
7.68
8.14
8.71
5.64
5.00
5.40
5.76
.37 109.54 .00 .00 .02
.91 112.48 .00 .00 .02
1.58 115.34 .00 .00 .01
2.31 118.12 .00 .00 .01
3.17 120.92 .00 .00 .00
4.40 124.00 .00 .00 .00
,00 101.95 1.25 1.71 1.71
94.69 .00 .00 .06
98.55 .00 .00 .05
.00 .00 .04
.00
.27
.51 101.97
1980 7
DAY RAIN INFIL ET DRAIN TVOL DDZ DTWT STOR
RUNOFF WLOSS
1 .00 .00 .50 .03 6.29 1.31 105.64 .00 .00 .03
2 .00 .00 .40 .03 6.72 1.87 108.87 .00
.00 .03
3 .00 .00 .34 .02 7.08 2.25 111.76 .00 .00 .02
4 .00 .00 .47 .01 7.55 3.06 114.84 .00
.00 .02
5 .20 .20 .56 ,01 7.92 3.56 117.53 .00 .00
.01
6 .00 .00 .53 .00 8.45 4.62 120.59 .00 .00 .00
7 .00 .00 .51 .00 8.96 5.62 123.50 .00 .00 .00
8 .00 .00 .18 .00 9.14 5.63 125.42 .00 .00 .00
9 2.13 2.13 .58 .00 7.59 .00 122.71 .00 .00
.00
10 .00 .00 .58 .00 8.17 1.28 125.47 .00 .00 .00
11 .00 .00 .62 .00 8.78 2.70 128.32 .00 .00 .00
12 .00 .00 .61 .00 9.39 4.09 131.13 .00 .00 ,00
13 .00 .00 .58 .00 9.97 5.40 133.81 .00 .00 .00
14 .05 .05 .31 .00 10.23 5.73 135.53 .00 .00 .00
15 .71 . 71 .64 .00 10.15 5.07 136.23 .00 .00 .00
16 .00 .00 .37 .00 10.52 5.77 138.23 .00 .00 .00
17 .00 .00 .14 .00 10.66 5.78 139.55 .00 .00 .00
18 .25 .25 .39 .00 10.80 5.80 140.85 .00 ,00 .oc
19 .00 .00 .14 .00 10.94 5.82 142.11 .00 .00 ,00
20 .00 .00 . 13 .00 11,07 5.83 143.34 .00 .00 .00
21 .00 .00 ,13 .00 11.20 5.35 144.55 ,00 ,00 .00
22 .00 .00 .13 .00 11.33 5.87 145.74 .00 ,00 .00
23 .00 .00 .13 .00 11.46 5.88 146.13 ,00 ,00 .00
24 ,00 .00 .13 .00 11.58 5,90 146.43 .00 .00 .00
25 .00 .00 .13 .00 11.71 5.92 146.72 .00 .00 .00
26 .00 .00 . 12 .00 11.83 5.93 147.01 .00 .00 .00
27 .00 .00 .12 .00 11.95 5,95 147.30 .00 .00 .00
28 .00 .00 .12 .00 12.07 5. 97 147.58 .00 .00 .00
29 .00 .00 .12 .00 12.20 5,98 147.87 .00 .00 .00
30 .25 .25 .37 .00 12.31 6.00 148.14 .00 .00 .00
31 .00 .00 .21 .00 12.52 6. 29 148.69 .00 .00 .00
1980 8
DAY RAIN INFIL ET DRAIN TVOL DDZ DTWT STOR RUNOFF WLOSS
1 .00 .00 .21 .00 12.73 6.58 149.24 .00 .00 .00
2 1.14 1.14 .49 .00 12.07 4.26 147.17 .00 .00 .00
3 .00 .00 .40 .00 12.47 5.14 148.31 .00 .00 .00
4 4.S3 3.59 .00
5 .00 1.24 .37 .00
6 .00 .00 .47 .00
7 .00 .00 -.57 .00
8 2.82 2.82 .63 .00
9 .33 .33 .46 .00
10 12.65 3.80 .44 .00
11 .46 1.71 .39 .11
12 .00 .00 .33 .11
13 4.98 3.46 .41 .09
14 .00 1.19 .41 .44
15 .00 .06 .31 .29
16 .25 .25 .28 .22
17 .00 .00 .38 .20
18 .00 .00 .37 .17
19 .00 .00 .47 .14
20 2.92 2.87 .52 .12
21 .00 .05 .36 .25
22 .00 .00 .35 .20
23 .00 .00 .34 .17
24 .00 .00 .38 .15
25 .00 .00 .43 .12
26 .00 .00 .46 .10
27 .03 .03 .40 .09
28 .00 .00 .36 .07
29 .00 .00 .43 .06
30 1.63 1.63 .43 .05
31 .00 .00 .33 .08
1980 9
151
9.30 .00 138.96 1.24 .00 .00
8.43 .00 130.73 .00 .00 .00
8.91 1.02 133.06 .00 .00 .00
9.47 2.33 135.63 .00 .00 .00
7.29 .00 119.87 .00 .00 .00
7.42 .00 121.12 .00 .00 .00
4.06 .00 83.91 1.25 7.60 7.60
2.85 .00 69.36 .00 .00 .11
3.29 .00 74.71 .00 .00 .11
.34 .00 26.68 1.25 .27 .37
.00 .00 .00 .06 .00 .44
.55 .00 34.79 .00 .00 .29
.79 .00 41. 60 .00 .00 .22
1.37 .00 49.83 .00 .00 .20
1.92 .00 57 . 61 .00 .00 .17
2.53 .00 65.41 .00 .00 .14
. 30 .00 25.00 .05 .00 .12
.85 .00 42.39 .00 .00 .25
1.40 .00 50.18 .00 .00 .20
1.91 .00 57.42 .00 .00 .17
2.43 .00 64.17 .00 .00 .15
2.99 .00 70.98 .00 .00 .12
3.55 .08 77.69 .00 .00 . 10
4.02 .03 83.32 .00 .00 .09
4.45 .13 88.06 .00 .00 .07
4.95 .53 92.66 .00 .00 .06
3.81 .00 81.02 .00 .00 .05
4.22 .00 85.71 .00 .00 .03
DAY RAIN INFIL ET DRAIN TVOL DDZ DTWT STOR RUNOFF WLCSS
1 1.70 1.70 .37 .07 2.95 .00 70.55 .00 .00
.07
2 .00 .00 .27 .11 3.33 .00 75.18 .00 .00 . 11
3 1.02 1.02 .39 .09 2.30 .00 68.70 .00 .00 .09
4 .53 . 53 .37 .11 2.75 .00 68.06 .00 .00 .11
5 .00 .00 .33 .11 3.19 .00 73.50 .00 .00 .11
6 .15 .15 .37 .10 3.50 .00 77.34 .00 .00 .10
7 .00 .00 .47 .09 4.06 . 30 33.08 .00 .00 .09
8 .28 .28 .47 .07 4.32 .00 86.92 .00 .00 .07
9 .00 .00 .37 .07 4.76 .19 91.41 .00 .00 .07
10 .00 .00 .20 .06 5.01 .00 94.88 .00 .00 .06
11 .41 .41 .27 .05 4.93 .00 93.93 .00 .00 .05
12 .00 .00 .38 .05 5.36 .34 97.95 .00 .00 .05
13 .20 .20 .33 .04 5.53 .00 100.76 .00 .00 .04
14 .00 .00 . 24 .04 5.81 .01 103.72 .00 .00 .04
15 .03 .03 . 24 .03 6.06 .00 106.48 .00 .00 .03
16 .10 .10 .21 .03 6.19 .00 107.90 .00 . 00 .03
17 .00 .00 . 10 .02 6. 31 .00 109.26 .00 .00 .02
18 .00 .00 .19 .02 6. 53 .00 111.58 .00 .00 .02
19 1.02 1.02 . 29 .01 5.82 .00 103.88 .00 .00 .01
20 1.04 1.04 . 38 .03 5.18 .00 96.82 .00 .00 .03
21 1.90 1.90 .28 .05 3.61 .00 78. 63 .00 .00 .05
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'WORKSHOP, NASHUA
run statistics time: 7/27/1989 @10:38
input file: C; \DM<k0\INPUT40\YNASH803.LIS
parameters: free drainage and yields cal^lated
drain spacing = 2456. cm dram depth - 120.0 cm
MONTH
1
2
3
ik
5
6
7
8
9
10
11
12
RAIN
.00
.00
.00
3.73
10.29
13.36
3.61
32.03
9,Qik
(*.65
.00
.00
MONTHLY
INFIL
.00
.00
.00
3.73
9.91
11.65
3.61
2<^.16
9.04
4.65
.00
.00
VOLUMES
ET
.00
.00
.00
3.86
8.39
11.51
10.27
12.59
8.18
2.84
.00
.00
IN CENTIMETERS FOR YEAR
DRAIN RUNOFF DRY DAYS
,00 .00 .00
,00 .00 .00
.00 .00 .00
2.89 .00 .00
.09 .37 1.00
.60 1.71 .00
.10 .00 22.00
3,26 7.87 1.00
1.85 .00 .00
1.18 .00 .00
1.34 .00 .00
.68 .00 .00
TOTALS 76.71 66.76 57.64 11.98 9.95 24.00
1980
WRK DAYS SFitf PUMP
.00 .00 .00
.00 .00 .00
.00 .00 .00
.00 .00 .00
.00 .00 .00
.00 .00 .00
.00 .00 .00
13.00 .00 .00
.00 .00 .00
.00 .00 .00
.00 .00 .00
18.00 .00 .00
31.00 .00 .00
rORKSHOP. NASHUA
rXJN STATISTICS time: 7/27/1989 @10:33
input file: C:\DM40\INPUT<fcO\YNASH803,LIS , , ^ ^
parameters: free drainage and yields calculated
drain spacing = 2<k56- cm drain depth - 120.0 cm
SDI - STRESS plant plant harv. RELATIVE YIELDS (%)
excess drought date delay date excess drought delay overall
1980 .0 .0 143 8. 293 90,0 100.0 97.5 87.8
AVG .0 .0 1^^3. 8. 293. 90.0 100.0 97.5 87.8
